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1.0 1I"RODUCTIOIV 

c 

1.1 scope - 
msting of ismflower CSU I-% Rankine C y c l e  I____- _I__--- kurboalte-1 consisted of 
three separate runs of 769, 353-ZZLd 4 la our^. 

/ ---- 
~ h e  f i r& run began on 

February 5, 1963 and continued unt i l  March 9, 1963 when it was voluntarily 
terminated because of blockage of the f i r s t  stage turbine nozzle. 
uni t  was par t ia l ly  disassembled and discrete particles which blocked the 
f i r s t  stage nozzle were remved. 100 other changes were made to the unit 
and af'ter its reassembly a second test run was begun on April  16, 1963. 
This-test continued un t i l  September ll, 1963 when a Municipal power failure 
forced a shut down of the unit. It sustained no apparent damage due to 
the shut down and, after minor rig repairs, w86 restarted for  the th i rd  

test run which was terminated when the r i g  side alternator connector 
shorted. 
nator s h b r  bore seal, overspeed, and ultimate shaft seizure. 

The 

l!be connector short resulted in demagnetization of the alter- 

This report covers the significant factors related to performance and 
endurance capabilities of the CSU I-3A, including design factors, results 
of testing, performance analysis, and post-test hardware inspection. The 

report also includes CSU disassembly notes, a discussion on the cause of 
failure, and recommendations for  developmental improvemznts 

1.2 l k s t  Objectives 
Objectives for CSU I-3A tes t ing were outlined In the test plan as follows: 
A. Obtain design point operation. 
B. D e t e d n e  pump performance characteristics. 
C. Determine various drain flow rates at the design pofit.  

1, Turbine bearing drain 
2. Alternator-thrust bearing drain 
3. Alternator cavity drain 
4. Turbine vapor by-pass l ine  
Determine effect of varying bearing lube flow rates on drain flow rates, 
bearing clearances, bearing whirl, and other CSU parameters a t  design 
lube temperature. 

D. 
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E. Impose a 12" Hg head (above CSU 4 ) on the bearing drains t o  

determine the effect  of separately and 8Fmultanetously "floodedn 

bearings on: 
1. Alternator cavity drain flow 
2. Turbine vapor @-pass l i n e  flow 
3. Bearing clearances 
4. CSU output power (shaf t  drag) 

5.  Local bearing support, housing, and drain temperatures 
F. A t  nominal bearing lube flow rates vary all lube temperatures 

together t o  350, 375, and 450°F t o  evaluate e f f ec t  on bearing 
clearance and other CSU parameters. 

G. A t  design point operation, vary al ternator  coolant temperature 
t o  525, 500, and 475OF t o  determine effect  on alternator cavity 
drain flow ra te  (condensation), tanperatwe, and on e lec t r ica l  

output performance. 
H. Shut down the CSU and conduct a simulated s q u i r t  start (or s t a r t s )  

with the objective of accelerating t o  40,000 r p m  a t  design cycle 
flow under simulated PCS boiler output conditions. 

I. Gain preliminary evaluation of corrosion product trapping devices 
and r i g  cleaning in terns of endurance tes t ing  consistent with 
other t e s t  schecbles and hardware availabil i ty.  

1.3 CSU Description 

The CSU (combined shaft unit)  i s  a mercury Rankine cycle turboalternator 
w i t h  turbine, condensate pump, and alternator mounted on the same 

shaft. 
which was t e s t e d  for  4329 hours. 
advanced model, C.W I-2A, which incorporates features required f o r  
orbital  fli@t operation. The turbine i s  a three-stage axial  flow 
impulse type, with par t ia l  admission first and second stages and 
f u l l  admission th i rd  stage. The al ternator  i s  a wound stator, 
permanent mapet rotor type, six pole, two phase 2000 cps machine. 
The alternator i s  cooled by the boiler i n l e t  flow and therefore 
acts as a boiler preheat source. The condensate pump supplies 
bearing flow a s  well as mercury cycle flow. 

j e t  boost centrifugal impeller type, with the iripellcr 

Figure 1 i s  a cross sectional view of the CSU I-3A model 

F'igure 1A i l l u s t r a t e s  a more 

This pump i s  a 
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FIGURE 1 
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Thrust bearing 

Centrifugal P 

I 
Screw pump s e a l  
,a Turbine i n l e t  

s c r o l l  

S t i f fne r  pin-4 req'd 
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FIGURE 1A 
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mounted on the end of the turbine alternator shaft, and therefore operates 
a t  the shaft speed of 40,000 rpm. Y 

I The complete shaft; assembly is supported by two journal bearinge and a 

double acting thrust bearing. 
m e m b e r s  supported by three sector type bearings. 
lube feed cavity and an axial lube drain s lo t .  
contains s p i r a l  grooves i n  the thrust faces and an annular or i f ice  which 

The two Jounzals are sleeve type rotating 
Each sector comprises a 

The thruet beari~lg 

ibine t o  produce a self-centering feature. The mating faces to the 

bkaring are plane faces discs, 
mercury from the condensate pump. 

A l l  three bearings are lubricated with l iquid 

The bearings, alternator stator ,  turbine nozzles, pump casing, and various 
connecting lines are all contained and supported by a housing assembly 
which also comprises the turbine exhaust passage and mounting support fo r  
the CSU. 

weldable flanges to allow hermetic sealing of the complete assembly 
itself or  as a pa r t  of a s y s t e m .  

Housing assembly and l ine connections are a l l  provided with 

I CSU I - 3 A  w a s  a rebuild unit  m a r l y  identical  t o  CSU 1-3 (and CSU I-LA) 
and contained the following parts: 

a, 

bo 

C. 

Shaft - the shaft was originally b u i l t  for CSU 1-2, but was reworked 
t o  the CSU 1-3 design specifications. 
extension w'hfeh resulted f r o m  a previous fabrication deviation. 
Turbine Inlet Housir;g - t h i s  housing was used on the CSU 1-1 test but 
w a s  reworked to the CSU 1-3 design specifications (wrap-around scro l l ,  
e t c ,  ) and contained a n e w  turbine bearing bushing. 

refacing, t h i s  housing required a shfm between 
housing to re ta in  proper a x i a l  locations. 
Alternator Housing, Alternacbr Stator, and Alternator Bearing Support 
Housing - these elemnts  comprise a welded assembly which was used i n  the 

CSU 1-3 2350 hour t e s t ,  

work or repairs other than cleaning, 
bearing, t h rus t  bearing, filters, stator and housing p i lo t  surfaces 
were used i n  the same condition l e f t  from the endurance test. The t h m t  

This shaft had a welded pump shaft 

Due to necessary 
it and the alternator 

This assembly was used i n  CSU 1-3 w i t h  no re- 
This means that the al ternator  
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bearring was in excellent condftion as was the journa3 bearing, except 
fo r  one o r  two very t iny  surface scratches, 
bore seal exhibited a t i ny  surface crack which exceeded the allowable 
helium leak rate. 
cover gas i n  the ststor t o  prevent the entrance of' l p ~ r c u r y ~  
Jet Pump Houeing - this housing was the original CSU 1-3 hawing, the 
only revisions being that a filter was added i n  the jet supply l i ne  
and the jet nozzle replaced. T& pump volute and venturi have been 
retained as l e f t  from tkre endurance test, 
Second and Third Stage Turbine Nozzles - the second stsge nozzle was 

built  fo r  CSU 1-2 and vss used as is. The third stage nozzle was built 

fo r  md used i n  CSU 1-1 test, However, it had an e x c e s s i e  throat area 

and therefore, six nozzle passages were blocked to obtain tbe design 
throat area. 

l he  alternator stator 

As a precautionsry masure nitrogen w88 used as a 

!5e CSU was installed and tested i n  a performance test rig* 

was capable of supplying and controlling all of the CSU input and output mercury 
paraareters t o  sbiu late  design and off-design system impositions on the CSU. 

In addition, the test r i g  contained a manually adjustable simulated e l ec t r i ca l  
load and a parasi t ic  load speed control similar to the system prototype controller. 
The test r i g  contained instrumentation to measure and/or record all p a n m t e r s  

of temperature, pressure, and flow rate as well as vibration and alternator 
e lec t r i ca l  output (frequency, power, current, and voltage). 
visions for  measuring bearing drain flows, alternator cavity drain flow, and 
turbine vapor by-pass l ine flow. 

This test rig 

It also had pro- 

1.4 CSU Specifications 
Nominal operating specifications applicable to  current CSUps are as 
follows : 
1-4.1 Power Output 

a, Useful 3.0 KW 
b. Speed control . l5O 
C. Allowance fo r  performance degradation -350 - 

Totel 3.5 

5 



1.4.2 

1.4.3 

1.4.4 
1.4.5 
1.4,6 

1.4,7 

1.4.8 

1.4.9 

Voltage and Frequency 
a. Voltage 
b. Frequency 
co Phases 
Regulation and Distortion 
a. Voltage 
b. Frequency 
c Distortion (harmonic ) 

- 

Power Factor 
Operating Life 
Turbine Parmeters 
a. I ruet  pressure 
b. In le t  temperature 
C. I d e t  flow 
d. Exhacst pressure 
Jourml Bearings 
a. Slipply flow (each) 
b. Supply temperature 
Thrust, Bearing 
a. Stpply flow 
b, Supply temperature 

Mercury Pump 
a. Output flow 
b. Output pressure 
C .  NPSH 
d. In le t  temperature 

110 AC Volts 
2000 cps 

2 

u o i 5  volts 
2000f20 cps 
Total content - less 
than 7$ of f’undamental 
0.8 lagging to unity 
1 par unattended 

240i10 psia  

1250 + 50 - 1 , 7 5 0 ~  
13.7U lb/mln 

7.0ks.5 psia 

8.Oi2 lb/min 

399+6 F 

34,7*6 lb/min 

not less than 3*4 psia 

39326 F 

515 psia (mfn) 

2.0 SUMMARY OF RESULTS 

In general a l l  of the stated objectives established a t  the outset of tes t ing 
were fulfi l led with only one notable exception. 
scheduled to be made a t  the completion of the endurance my were precluded by the 
unexpected failure.  
endurance capability of half i ts  design l i f e .  
t ha t  the uni t  could reasonably have been expected to complete the endurance run:, 

6 

Simulated squirt starts, 

The total accumulated run t h e  of 4329 hours demonstrated an 
Also the following factors indicate 



a. 
b. 

The primsry cause of fa i lure  was independent of the CSU. 
There w a s  no measurable deterioration i n  performanee up t o  the time 

of failure. 
Post-test dhensional and metallurgical examination of the h a r d w a x e  

did not disclose any areas of imminent failure. 
C. 

There are, of course, 80- qacstionable amaa such as erosion of the pump impeller 

and t l m  turbins and creep of the rotor shrink sleeve but consider.* tbe 

severity of the failure mode, the hardware remained in good condition. 

Bearing performance was an important aspect of the CSU I-3A testing in view 
of the f ac t  that the thrust  and alternator bearing stationary members began the 

test runs w i t h  2348 hours running tim already accumulated. The forces of shut 
downcausedsom? dumage t o  the journal bearings, especially i n  the case of the 

alternator bearing. 
was an occasional -85 rnils of corrosion. In thr! case of tbe thrust bearing 
there was no damage whatsoever; it was l i t e r a l l y  "good as new".  No eigns of 
wear, erosion, or  dimensional changes could be found as a result of the 

operational test exposure. 

However, the only change attr ibutable t o  no& operation 

Although CSU 1-3 is very nearly identical to CSU 1-3, which ran f o r  2348 
hours i n  1962, the CSU I-3A test results are more enlightening i n  so= mspects 
because of two significant test rig modifications. 
of corrosion product trapping devices which vir tual ly  eliminated the corrosion 
product accumulation which caused tlw CSU 1-3 failure.  
of provisions for  memuring bearing drain flows and alternator and turbirlc cavity 
drain flows. This made po68ible a mre n a l i s t i c  appraieral of CSU performgnce as 
the *et progreesed. 

One was the incorporation 

The other was the addition 

The results of the CSU I - 3 A  testing verified the findings of the CSU 1-3 test. 
Both test series indicated tbt the basic CSU design is capable of met ing  its 
design performance requirements but that  Mher design refinemnts are required 
i n  cer ta in  areas. These refinements would not involve any changes in CSU opera- 

t ional  parmeters, nor would they require extensive changes in the basic layout. 
In fact ,  most of the desired changes have been integrated into later units using 
existing semi-finished hardware, with l i t t le o r  no modifications to the original 

7 



m J o r  subcomponent design. Further discussion of these developmental modifications 
is presented i n  a later section of t h i s  report. x 

3 .O DEVEMPMENTAL HISTORY 

This section presents a very brief history of developIIlental test and re-design 
work which prcceeded the CSU I-3A test runso 
3.1  CSU 1-1 Test Results and Conclusions 

The f i r s t  Sunflower turboaLternator design t o  be b u i l t  and tested was 

CSU 1-1, 
lasted only about 1 1/2 hours, but was very illuminatfng relat ive to the 
f i r s t  design, 
freely. It subsequently appeared t o  be erratic i n  both speed and power, 
suggesting l iquid drag on the shaft, 

the test, 
variatiom i n  power combined w i t h  appasent increases i n  bearing clearances 
(from flow-presswe data) suggested an impending failure, 
CSU was shut down to al low exaaiaation of data and hardware. Post-test 
bearing calibrations verified tha t  bearing w e a r  had taken place and the CSU 

w a s  therefore removed from the t e s t  r i g  fo r  disassembly and inspection, 

ThiEs unit wa8 placed on test November 22, 1961, !Che test 

On f i r s t  start,  the uni t  accelerated t o  25,000 rpm quite 

This condition prevailed throughout 
The s p e d  was ultimately increased to 40,000 rpm, but alarming 

Therefore, the 

Inspection revealed extensive wear on the alternator journal and th rus t  
bearings and li&t wear on the tzrbine journal. 
drain lines showed severe flow restrfctions at  sever& of the butt welds, 

Examination of the bearing 

Data and performance analysis conclusions were as follows: 
Bearing wear resulted from (1) excessive loads and (2) reduced load 
capacity of the bearings, 

1. Excessive shaf t  loads were caused by: 
a. The presence of l iquid Hg around the shaf t  due to rest r ic ted drain 

lines pl-us possibi l i ty  of l iquid Hg i n  the alternator rotor  gap. 
A large magnetic rotating load due to rotor magnetic imbalance. 
A pressurized turbine bearing drain collector (causing excessive 
thrust) due to vaporization of lube drain f lu id  which w a s  res t r ic ted 
from draining. 

bo 

co 

8 



2. Reduced load capacity of the bearings was eauscd by: 

a. The alternator journal bearing showed evidence during test of 
thermal increases in cleaxance between the housing and bushing 
pr ior  to the wear indications, which would have weakened the 
bearing capacity. However, the wear patterns on both journals 
indicated excellent operating alignment so that misaligmpent wa8 

not  a factor i n  reduced load capacity for  the journaAs. 
The thrust  bearing wear pattern indicated &sal-nt which 
resulted f r o m  eccentric s t a t i c  loading by its retaining device, 

thereby reducing its capacity. 

f 

b. 

3.2 Developprentdl Redesign for CSU 1-3 
The CSTJ redeeign was rimed a t  control of package thermal and stress dis- 
tr ibutions t o  maintain proper bearfig clewmces and ali-nts and 

t o  prevent condensation in vapor spaces around the rotor. Redesign was also 
dlrected to reduce the -tic shaft imbalance by improved quality control, 
ellmination of drain flow passage restrictions,  and improved mechanical 

support of the besringe. 

A thermal stress computer analysis was conducted on the bearings and 
suppolrts. 
required to insure proper and safe operating f i t s  and clearances. 
bench tes ts  snd them analysis of the alternator were conducted to predict 
coolant temperatures required for  proper rotor gap conditions. 
analyses and the results of the CSU 1-1 test were used to redesign the next 
available unit (CSU 1-3). Each step of the redesign was a logical  attack 
on specific problems evidenced from the f i rs t  test, but within tk frame- 
work of the original concept and hard-. 
below. Most of these changes are illustrated in Ffgrrre 1. Figure 1 is a 
s l igh t ly  more advanced design than CSU 1-3 and therefore the al ternator  cooler, 
turbine bearing seal configuration, and exhawt sc ro l l  s t n t t S  are additions. 
CSU 1-3 details in these specific areas were lef't Identical to CSU 1-1. 

The results were used t o  specify the assenibly fits and clearances 
Brperimental 

These 

The changes Involved are l i s ted  

1. The turbine Inlet was changed f'rom a ducted m e t  entry design to a 
360' collector s c r o ~  to improve thermal and aaechan~c~l  synnnetry relat ive 

9 



2. 

3. 

40  

5. 

60 

70 

8. 

10 

4 

to  the turbine bearing alignmnt. Misalignment was not a demonstrated 
problem i n  CSU 1-1 t e s t ,  but test conditions were not completely E- 
presentative in t h i s  regard. 

L 

Revision8 were made in the a l t e rmto r  bearing housing to provide 
bet ter  thermal separation f r o m  the alternator housing and improve 
thermal separation from the alternator housing and improve thermal 
and mechanical symmetry relative to journal and thrust bear- 
alignment. 
flange and a Supramica washer inserted between flanges for thermal 

separation. 

Bearing feed and drain bosses were  s l i t  away from the 

The thrust bearing retainer axial loading w a s  reduced and made 

symetr ical  by modifiea-biorn of associated s t a t i c  seals. 

The alternator j o d  bewing bushing f i t  was increased s l igh t ly  
t o  provide a bet ter  lube seal, and cold beaping diametral clearance 
was reduced from .0018 t o  .OOlO5 in. in accordance with computer 
thermal aaa3ysis. 
.OOl5 inches . The target f o r  operaticg clea.ranee was .OO14 - 

An evacuated heat shield was placed around the alternator bearing 
support barrel t o  help control b a r i n g  clearance, to keep the support 
cool, md t o  reduce condensation i n  the alternator m t o ~  cavity, 

The thrust bea~fng lube supply annulue w a ~  placed in the housing 
rather than the bearing O.Do t o  provfde a better lube seal, improved 
mechanical support, and bearing strength. 

Axial thePmal take-up provisions on the shaft were provided by incor- 
porating belleville springs under the turbine locknut. 
spacer material was also changed. 
prove shaft integri ty  and balance. 

T1#! t h r u s t  
These modifications were made to im-  

Qual i ty  control on magnetic rotor imbalance resulted i n  a shaft imbalance 
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of 2-4 l b  for CSU 1-3 compared 18.5 l b  estimsted for  CSU 1-1. 

The turbine journal  sleeve support lands were eliminated and the sleeve 
w a s  placed i n  f u l l  contact rith the e h a f t  t o  improve mechanical support. 

The turb- bearing clearance wa8 reduced f r o m  .0018 t o  .00135 in. in 
accordance with computer thrmal analysis. 
.W11 In. to .0016 in., 60 that the assembly clearance MS a compromise 
depending on whether or not seal  vapor entered the drain cavity. 

Tbc target clearance was 

H i g h  pressure labyrinth seal and heat shield diametral cleessnces were 
reduced along w i t h  bearing clearances to Improve turbine performance 
and reduce temperature effects on the turbine bearing. 

X-ray quality control w18 applied to all tubing welds to avoid butt  
weld penetrations into the flow passages. 

Thc cavity between alternator stator and housing was sealed a t  one end 

w i t h  a beuev i l l e  washer snd a t  the o ther  with a close clearance f i t z  

Sealing this gap provides three Functions: 

a. 
b. 

It keeps l iquld Hg out of the rotor cavity to avoid liq,,d b i e .  

It affords syprmctrical heat transfer of alternator 1088 heat to 
the coolant by keeping l iquid Hg i n  the stator O.D. gap. 
It affords better circumferentisl temperature distribution and 
consequently better bearing alignments 

c .  

A second alternator garter sprlng support was added to ellminrtr? 
resonant vibrations which could affect the altermtor bearing load6 
or possibly crack the g l s s s  bore seal. 

The alternator housing auld bearing eupport flanges were Electron Beam 
wlded rather thmn Heliarc to preclude weld distortions and stresses 
ant3 afford better bearing a l i w n t .  

The l i e t  of changes wa6 extensive, but was largely 
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. 
associated' with detai ls  baaed on a better knowledge of the unit  from 

results of the f irst  tes t .  

castings were involvtci, and nearly every change was applied to semi- 

f inished ham3ware existing from the previous design. 

The basic concept was unchanged, no n e w  L 

3.3 CSU 1-3 Test  Ree-dts  and Conclwiom 
The CSU 1-3-1 test w a s  lwgely endurance running a t  various levels of 
speed and power with most other paxeuneters constant. The discussion 
of th i s  . test I s  divided into five categories; prestmt, start-up and 

speed climb, 35p000 r p m  endurance rxm9 40,800 rpm end-wtwace run, shut 
down, and conclusions. More detailed information on this test can be 
found i n  T R W  ER-5432, Revieton A, "SwS1mer Turboalternator CSU 1-3 
2348 Hour % s t  Summary Report". 

303.1 m - S % X t  

During pre-start calibrations an undersized valve i n  the drain 
l i n e  cawed l i q j i d  mercury t o  back-up into %he bearing drain areas 
within the GSV. 

flosded other areas such as the altermator rotor gap and turbine 
wheel wells during start-up. ioEbined with the CSU 1-1 drain 
res%rictions and shaft fmbalance noted ear l ie r ,  the r i g  drain 
problem without doubt augmented the circumstances of i ts  failure e 

The drain a p t e m  was revised %.nd %he varioxs s t a t i c  calibrations 
were coqCkttd quite satisfactorily without furtkter incident. 

I n  the CSU 1-1 test th i s  condition qu i te  l ikey 

3.3.2 Start-'Jp ana Speed C l i m b  

At 50 psia t u k i n e  €plet Tresswe and full m n m l  load se t t ing  
tfie unit speed quickly climbed t o  15,000 rpm and after a few minutes 
stabil ized a,t 20,000 rpm.  

25,OOO r p m ,  he19 there for  2 b u r s ,  and then w a s  raised to 35,000 

r p m .  The speed was held a% 35,000 r p m  for  M f  an hour, increased 
to h0,000 r p m  for  about one hour, and then returned t o  35,000 rpm. 
During t h i s  speed climb the un i t  performed as expected w i t h  two 
factosa of particular interest. Fi r s t  mode c r i t i c a l  shaft speed 

w a s  preddcted a t  27,000 t o  33,000 rpm. It occurs when the shaft 

After 2 hcpirs the speed was raised t o  
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mass and bearing lube film "sprfng rate" act  as a resonant system 
with neligible deflections i n  the shaft itself. Vibration accelero- 
meters confirmed t h i s  condition at the 3O,OOO rpm plateau and there- 
for dwell time at 30,000 rpm was kept very brief. 

critical. speed was not considered detrimental but simply undesirable 
i n  a new unit with no test his tory at such a condition. 

. 
1 

This particular 

The second factor of interest  is the lower power output at 40,000 
rpm canpared t o  p m r  at 35,000 rpm with the s m e  turbine inlet 
pressure. 
data,  
i n  speed w l l l  decrease alternatur efficiency and increase shaft 
parasi t ic  loads (bearings, pump seals, etc.  ) 

efficiency i s  t h i s  speed range does not increase with speed nearly 

as rapidly as the parasi t ic  demands; therfore, power is  diverted 
t o  losses and net e lec t r ica l  power decreases. In general, the output 
power was l ees  than the predicted performance at these conditions by 
100 t o  150 watts. 
level during t h i s  speed climb time period. 

This condition was expected from predicted performance 
It happens because i n  t h i s  speed and power r,ange, an increase 

However, turbine 

Turbine inlet pressure was not brought up t o  design 

The CSU package pump performed in  excess of i ts  design requirements 
during this period of testing. 
supplying i ts  own Jet  boost f low it m s  pumping 42 ppm Hg at 500 
peig which is  2 6  higher than nminal design flow and pressure. 
Bearing operation was quite satisfactory Over the full range of speeds. 
However, at 30,000 rpm a t race of half speed whirl was noted along 
with the first  mode c r i t i c a l  speed noted earlier. 
were increased the alternator bearing d i e t r a l  cleaJrance increased 
with speed up t o  20,000 rpm and did not change with further speed 
increases. The double acting thrust bearing supply pressure increased 
between 20,000 rpm but returned t o  i ts  original value at 40,000 rpm. 
This was attributed mainlyto the pumping action of the sp i ra l  grooves 
being l e s s  effective at speeds above 25,000 r p m  because counteracting 
centrifugal forces. 

3 .3 .3  35,000 RFM Endurance Test 

While operating at  40,000 rpm and 

As speed and power 

An objective of the CSU 1-3-1 test was t o  run for a minimum 500 hours 
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continuous a t  a confident levelkof  operation as near to design 
as possible. 

th i s  pun a t  35,000 instead of 40,CQO rpm. 

Three areas of concern led t o  the decision to make 
These factors were: 

a* H&lf speed bearing shirl.  

bo  
e. 

H a l f  speed and a h a f t  speed vibration levels i n  excess of 1 "g". 

Possible overst~easing of the altcmtor rotor sleeve due to 
rotational stress. 

Although it had not been established tha.t any of these three 
items would definitely lead to CSU failure all t h e  could be eased 
by a reduction in speed and thus the run wm 

the next lower speed control frequency. 
a t  35,000 rpm, 

Alterrator power and vibration levels a t  constant t u "  inlet  
pressure were very stable through the first half of the run, so 

that power inmeased w e r e  made as planned up to 2,500 watts t o t a l  
new 500 horns. At t h t s  power the turbine inlet  pressure was 200 psia. 

In general, operation was quite steady. The jourraal bearings estimated 
diametral clearances remained essent ia l ly  constant as did the vibration 
levels a t  full and half shaft speeds. 
presswe increased w i t h  inmeasing turbine inlet  pressure however 
indicating a change in the axial position of the shaf% which would 
a f f ec t  the effec%ive flow area, 
the first 325 hours when %he Jet nozzle apparently fouled which 
reduced pump performance. 
40,000 RPM Endurance Test (500 tP0 2348 Hours) 
As planned a t  the ou-ceet of the 35B000 rpm, 500 hour test run, the 

bewing whirl, vibration amplitude, and alternator rotor  sleeve 
stress concern were all reviewed pr ior  to inftiating the h9000 

rpm test pulle 

fng bearing performance based on accelerometer data and assessments 
of running bearing clearanceso 
vibration amplitudes we- not excessive; the shaft speed amplitude 
i n  the horizontal direction was, i n  fact, zeroo 

The thrust  bearing supply 

Pump operation was very steady for  

3.3.4 

H a l f  speed betwing whirl showed no signs of deterjorat-  

It was decided that the measured 

A re-evaluation of 
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the factors affecting alterlntor  roto^ sleeve temperature disclosed 
a safer  operating condition than originally determined. . 
When the speed w a ~  raised to 40,000 rpm, operating conditions 
changed generally in tbc aunner that was expected. 
slight reduction in alternator power due to changes i n  shaft 
parasi t ic  loads and alternator efficiency as previously explained. 
TM thrurrt  bearing supply pressure changed because of the greater 
centrifugal forces acting on the fluid in opposition to tbe pump- 
ing characterist ics of tbe bearing. 
vibration lev+, journal bearing supply pressu~cs,  and other 
parrmeters such as voltage and pump discharge pressure. 

*re wa8 a 

T&re were increases in 

Shortly after achieving 40,OOO rpmp the turbine inlet pressure 
wss raieed to its design value of 240 psis w h r e  the alternator 
output pomr average 3200 watts. Some time later th turbiae 

exhaust PreSSUrC WCLB raised to i t 6  deSi@l V a l =  of 7.0 ps i s  

which reduced power output to 3000 watts. The exhaust pressure 
was returrred to  6 pia and the turbine inlet pressure raised to 
265 p8ia where alternator output pomr average 3700 watts. 
t h e e  conditions the turbilre beewing diamtral clearance et&rted 
to decresse and the alternator output pomr started to decay. 
turbine i n l e t  press- wlld therefore reduced to 240 psis. 

of turbine interstage pressures showed no changes but the boiler  
input power WM found to be decreasing. Thi8 suggested M actual 
turbirvs flow reduction based on boiler power and alternator power 

but not coniinncd by turbilre interstage pressures. 

A t  

The 
A review 

Boiler input power and alternator output power contiatrrd to decay 
and eventurlly the f l r8t  interatage pressure started to decrease 
indicating that the turbine f i rs t  stage nozzle was plugging. 
data suggested tbt an increase i n  superheat would reduce the 

plugging rate. 
by reducing turbllre inlet prcssure w h i l e  mhlntainlng the same i n l e t  
temperature. 

Prior 

Turbine inlet superbat  was effectively increased 

'Rrc result wae a druartic stoppage of plugging in 
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., 
the f i r s t  stage nozzle and a se t t l i ng  out of vibration conditions 
which continued un t i l  the end of the test’ ,  . 
A t  about one th i rd  of the way through the endurance run a temporary 
shor t  i n  a watt meter p m t i d l y  demagnetized the permanent magnet 
rotor as evidenced by a drop of 5 volts per phase. This caused 
a temporary increase i n  shaf t  speed vibration subsequently, and 
for no apparent reason the vibration dropped t o  a l eve l  lower 
than it pias originally. 

The bearings continued t o  op,erate very w e l l  during the 40,000 rpm 
run although both whirl and shaf t  speed vibrations were substantially 
greater than at 353000 ppm. 

remained very steady but these w a s  a significant event regarding 
the turbine bearing. 
design turbine in l e t  pressure the higher ra te  of vapor flow through 
the high px5sm-e laby-rinth seal Taised the shaft and journal 
sleeve temperatxres which reduced the bearing clearance. A f t e r  re- 
ducSng tWbf!Ie %de?; pressure to ease the clearance closure problem, 
the estimated clearance par t ia l ly  recovered its original value. 

m e  thrust and alternator bearings 

During the period of operation a t  above 

Pump performance during the b , O O O  rpm endurance pulz was not as good 
as it w a s  whesa the uni t  w a s  i n i t i a l y  operated a t  40,000 ppm prior 
to the 35,000 rpm endurance run. It w a s  concluded tha t  the je t  

nozzle had fouled and a post test performance test on the pump b- 

pellei- confirmed this suspicion. In sp i te  of the plugged j e t  nozzle 
the pump exceeded design requirements except fo r  some ins tab i l i ty  a t  

high flows. 

An unexpected shut down o c e w x d  a t  1 1 ~ 1 3  A.M. on A u g u s t  a,, 1962, 
the first signal being a drastic change i n  logger temperature dis- 

tributions, The turbine inlet  shut-off valve failed t o  close on 
the under-speed trip-out because the long t e r m  high temperature 
effects had bound it in i ts  open position. 
was therefore closed off manually but t h i s  was not accomplished for  

303.5 Shut 

Vapor flow t o  the turbine 
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several mimtes a f t e r  skiaft e e f z u ~ ,  

. 
Just pr ior  to the fa i lure  a l l  @on%~olpanametera were within 
their stipulated control ranges a d  the speed had been holding 

very steady at 40,000 ppm, 

rpm, returned t o  40,000 momentarily and then dropped to zero. 
operating pa;pame%ers reacted t o  the E b a t  down as wowld be expected. 
Turbine area housing temperakres inweaged about 3009 and the 
exhaust temperature about 250°F became the shaf t  w a s  no longer 
removing energy from the working fluid. 

showed no indicatfow of bear- problems, 

Suddenly the speed dropped t o  20,OOO 

All 

Post test bearing calibrations 

Disassembly of the unit disclosed mbbirq a d  seizape of the f i r s t  
stage wheel i n  its  w h e e l  race, 
by a progressive wcpmnrlation of fopeie  metallic material on the 

f i r s t  stage nozzle face, which subsequently interfered wfth the 

rotat ing first stage w h e e l .  
housing which shows the build-up of mate~=.lal on the nozzle. 
rub marks labeled A and B registered with %he blade r e k h i n g  ring 

of the first stage wheel and the mark labeled C ,registered with the 
turbine wheel shroud ring, 
blades and the blades and eloxed blade r e t a i n k g  rirrg wepe cocked on 
the t-wbine wheel hub. 

ed a t  the O.D. of the blades, the sloxed retai~eap z’ir2g was firmly 
bund on the wheel hub ~ I I  the eo?kd  p.s%it.ion, 

Rubbing and seizure were precipfta%ed 

Page 18 is a view of the turbine inlet 
The 

This shroxd ring w a s  loose from the 

Although the shroud ring w a s  loose and detach- 

The bemfngs were free of my virgfble damage o r  wear except for  
a very l i g h t  pub, or  wfpe mrk,, on the outboard end of the turbine 

bearing, 
re la t ive to the assembly firtfehes, 
thPust bearing implies that the stalling forces were largely i n  a 

radial  plane. TBe ml8tive lack of damage on. the jour& bewings 
Indicates that the shaft was stalled in 8, he-y coacelztrlc m e r  
w i t h  respect to the bearing; the tur%in@ j o m a l  for  example had 

less thaa 0.001 inches diametral clearance. !I% condition of the 

Also the f inish OG. all bearing surfaces w a ~  very good 
The excelleIit conE,tiou of the 
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bearings shows tbt they would not have been responsible fo r  the 
major speed variations a t  shut down. 1 

The pump impeller displayed cavitation erosion a t  the blade 

entrance t ips ,  a t  the blade roots on the convex side, and i n  the 

face of tbe impeller body. 
areas of noHBBuy low pressure and attest to insufficient NPSH 
a t  the impeller in le t .  
have been caused by a mismatch between actual blade curvature 'versus 
theoretical  opthum curvBtuce or by insufficient impeller NPSH. 
Insufficient NPSH was attributed to partial blockage of the j e t  

The blade t i p  and root erasion are i n  

On the other hand, the face p i t s  may 

boost pump. 

Except fo r  a 1/4 inch w i d e  band of erosion on the rotor O.D. to- 
warde the pump end, the alternator sustained no damage. 

-re was some depositing on portions of the turbine as w e l l  as 
the first stage nozzle. 
but the first and second stage nozzle throat areas were both reduced 

over 204 by deposits. Metallurgical analysis of the deposits i n  the 
turbine (including those tht caused the fa i lure)  revealed that the 
major constituent was cobalt which could only have come f r o m  the 

Haps #kl housing. 
austenit ic stainless steel and corrosion was clearly evidenced i n  
the turbiae inlet housing. 

The third stage nozzle was not affected 

The bslance of the system is pred0minS;tly 

The main reason for  the corrosion i n  thre turbine inlet housing was 

the loss  of superheat which lead to mercury condensation i n  that 

area. 
inlet sc ro l l  which was added to more  evenly dist r ibute  the heat in 
the turbine bearing a r e .  

longer required and is, i n  fact ,  detrimental to the operation of the 
unit. 

3.3 . 6 Conclusions 

loss of superheat was attributed to th wrap around turbine 

It has now been demonstrated that it is no 

1 CSU 1-3 test results generally fulfilled all of the stated objectives 
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establiehed a t  the outset  of tcsticg. The ?esul ts demonstrated 
that a l l  of the developmer,lal impsovements , wlth the exception 

of one, produced a more reliable,  better performing u n i t  than 
the i n i t i a l  CSU 1-1 t e s t  unit. 
of operation demonstrated endmance capabili ty of betker than 
one-qimrter of the design l i f e  on the second test uni t  i n  the 
program. Furthermore, the post-test, studies indicated no in- 
cipient failures or  t i m e  e f fec t  deterioration after t h i s  ex- 
posure , where p r ~ p e r  operating environments prevailed-. Some 
isolated erosion and corrosion areas were evident but were re- 
lated t o  improper opera%ing conditions result ing from off-design 
testing or mirmr developmental de:-Lgn deficiencies. 

component integri ty  i n  terns of operating stxesses and dhensional 
s t ab i l i t y  appeared excelierAt after the t e a t  exposure, e w e s t i n g  
considembly greater end-cance capability than demons5rated. 

The %otal con%inuous 2348 hours 

Material and 

The reanlta of the t e s t ,  however, also pinpoint several areas 

where retZesigrL could fmp:rove the performance and endurance cap- 
ab i l i t i e s  of tk zeniC,. These arcas are 85; follows: 

a. Turbine inlet vapor scroll: 
The 36.2" tuf5ine ir&* scroll ased on CSU 1-3 w a s  a redesign 
relatfve t o  CSU 1-1 md mused excessive h%t to be removed 
from the vapor stream before entering the first stage nozzles. 
This beat removal resulted i n  metallic deposits w2thin the 

txwbine which plugged nozzle throats and interfered with 
rotatton. 
thls problem, 

Retwr, t o  +,he d i rec t  entry scroli should al leviate  

be Turbine nozzle throat weas: 
'_rlae. Pntr fcs te  mture. and  rni~ictb:rz ;Zze of the nozzle passages 
combiaed with machining tolerances cause d i f f icu l ty  i n  fabricat-  
i n g  t o  the design throat areas,, 
nozzle throat area w a s  about f ive percent s a l  and the thiyd 

stage nozzle throat area nearly 20 percent oversized. 
first, stage a revision i n  blade height w i l l  correct the problem 

In CSU I-3> the f i r s t  stage 

For the 
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while i n  the th i rd  stage e i ther  a dimensional revision or  
plugging of a suit.able number of passages can correct it. 

c. Turbine erosion: 
Erosion of the f i r s t  stage labyrinth seal can be eliminated by 
the addition of a seal  between the tw”sfne bearing drain and 
vapor by-pass cavity, !Chird stage wheel race erosion can be 
e l h i n a t e d  by the addition of drain grooves to  prevent trapping 
of l iquid mercury. 
correcting of nozzle throat areas to design values should p a t -  

ly reduce turbine blade erosiono 

Return to the direct entry sc ro l l  and the 

d. Pump performance : 
Erosion of the pump impeller can be reduced by a redesign of 

th blade profile t o  more nearly match the optimum blade form 
and also, i f  necessary, by substituting a harder material. 
Pump performance can be increased by the addition of mom vanes 
t o  the back face which w i l l  reduce leakage and improve the NPSH 

requirement. 
nozzle line to prevent fouling. 

A l l  future units incorporate f i l t e r s  i n  the jet  

e. Screw puurp seal:  
Mercury leakage into the rotor gap caused drag and erosion on the 

rotor. 
this problem which is especially severe with pressurized bearing 
drains . 

A newly designed screw s e a l  can be incorporated to eliminate 

f. Turbine bearing tempera-: 

ltemperatures i n  the general vicinity of the turbine beaping w e r e  
excessive throughout the t e s t .  While t h i s  condition did not hurt 

bearing performance, it created undesirable effects  such as very 
l i gh t  corrosion of the Journal sleeve and a saturated l iquid vapor 
bearing drain condition. 
addition of 8 double walled heat shield w i t h  its cavity referenced 

t o  the bearing drain environment, 
corporated to prevent entry of vapor into the bearing area and 
l iquid into the turbine area. 
with pressurized bearing drains and cause drag on the shaft. 

This problem can be alleviated by the 

ILL addition, a seal can be in- 

Thfs could occur during operation 
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exhaust scroll wal ls together and make the ent i re  alternator 
housing (including the turbine nozzle section) much =re rigid.  

3.4 Development Redesign for CSU I-lA 
CSU I-IA va8 a rebuild of CSU 1-1 but it incorporated a l l  the design 
changes described i n  paragraph 3.2 plus two additional changes determined 
from CSU 1-3 testing. 

a. 
TIE two changes are: 

The third stage nozzle throat area was adjusted to correct it to 
design value. 
A filter was added to the jet boost pump supply l i ne  to prevent jet  
nozzle blockage. 

This was accomplished by plugging 4 of the 28 passages. 
b. 

A n  additional naodification was the use of ametal s e a l  rather than the 

Viton A "0" Fing fo r  the s t a t i c  seal  between the jet pump housing and the 
thnl6t bearing. 

3.5 CSU I-IA Test Results and COnClUSiOnS 

CSU I-IA was built en t i re ly  from original CSU 1-1 parts w i t h  the exception 
of the bearings and tbe turbine inlet housing. 
placement of the worn bearings and rework of p a r t s  to incorporate the 

the changes l isted i n  paragraphs 3.2 and 3.4. 
housing was built  from a spare casting because of the economics related 

to inlet scroll modifications. 

Tbe rebuild involved re- 

The CSU I-lA turbirre inlet 

!t%? purpose of the CSU I-LA component test was to gain further CSU develop- 
mental performance test data and t o  obtain design and off-design reference 
data fo r  this uni t  since it was eanasrked fo r  Sunflower system testing. 
gerreral, the test objectives were as follows: 
a. 

b. 

c. 

d. 

In 

Ferfow a controlled start and at ta in  design speed operation. 
Conduct a power output VS. turbine inlet pressure scan a t  40,OOO rpm. 
Obtain CSU pump calibrations a t  40,000 rpm. 

Conduct off-design bearing lube temperature, alternator coolant tern-  

~ r a tu re ,  and t u r b w  exhsuslt P ~ S S U ~ ~  tests. 
e. Operate the unit w i t h  bearing drain pressures of 12 inches of mercury. 

The CSU I-IA-1 test was perfonned i n  the compoEnt test rig and w a s  started 
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on October 3, 1962. 
after 63 hours of continuous operatfofi and peyfommce terting, The uni t  
was then removed from the compornen-h t e a t  pig and irrstalled i n  the f i r s t  
Sunflower Bwer Conversion System (PCS 1-13 where f a t h e r  tes t ing w a s  
conducted in preprobtype surromdinga, 

It was vol.cmt.a.rily shuL down on October 6, 1962 

3.5.1 CSU I-IA-1 Component Test 
A l l  of the test objectives l isted above were.  accomplished during 
the CSU I-IA-1 cornponeat test except that the i n i t i a l  start w a s  
more of a squirt start than EL controlled start  because the turbine 
inlet  valve temporarily stack closed. When it opened, the pressure 
immediately climbed t o  125 psfg and the speed t o  37,000 rpm. 
was then controlled t o  20,Oc)O rp~lz a t  50 psig with no harm done t o  
the unit. Afterr?s,c:~i:gk40,000 r p m  a pwer scan up t o  full inlet  
ppess.ure of 240 psfa was obtained. 
put was 3450 watts o r  vezy nearly design value. 
basic reasons why th i s  ~ a i t  was capable of producing t h i s  amount 
of power a t  t h i s  pas%ici;aar t i r e  while ot'krez dmost identfral  units 
were not. 

It 

A*, t b i s  pressure the power out- 
There are two 

a, The t u b i n e  nozzle mea6 were very near +a design values, 
espeiaL1y the first s+,age which w a s  99.4 percent of design. 

bo  During the first half of the t e s t  (when %he power w a s  over 3400 
watts) the alternator cavity drain flow was low whfle during the 

second ha l l  it was subeta~tially higher, 
a marked increase iz temper&Are of +,hie drain flow ~ t u l  result- 
ed in a reduction ir power o,~%pb-t of over" 200 watts. A later 
section of th i s  repozi, w i l l  d i s c a s  -hi& relatiomhips between 
alternator cavity drain flow, i ts  temperatu.-e, and output power. 

This was evidenced by 

The CSU pump was calibrated a t  40,000 r p m  with inlet  pressures from 
4.57 t o  7.73 pefa and, as was the case for  a l l  CSU pumps, exceeded 
performance speeificatiom 

Alterrvztor coolant temperat.u_8929 average of inlet a d  out le t ,  w a s  varied 
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from 495" to 595'F which is 50" a b v e  aod below the Epecified 
value. The s t a to r  winding temperat.ne var ied plus and minus 
40" over t h i s  range and the alternator housing temperatures 
tended t o  follow the coolm-t temperatures. Aside from this there 
was no noticeable change in CSU performance. 

All three bearing lube tempemhares were varied individually 

between 350°F and 4509. 
i n  bearing o r  overall uni t  pepfoxmace a t  the off-design conditions 
and no noticeable problems resul ted .  

There were no appreciable changes 

During normal operation the turbine bearing estimated diametral 

clearance ran nominally a t  .0013 inches. There were fluctua%ions 
i n  flow and pressure but t h i s  was apparently a r i g  cofitrol 2roblem 
as the relationship between t h e m  didngt change. 
i ng  clearance started a t  .OW9 inches but during most of the test 
ran between .OOOg5 t o  .0010 in. 
be harings increased as  pow^ was increased a t  the s t a r t  of the 

test w h i l e  the thrust bearing was relatively unaffected by this 

o r  any other parametric change. 

The alternator bear- 

The clearance of both journal 

All three bearings were simultaneowly flooded by inrposing a 12  

inch l iquid head of mercury on the bear- drain l ine.  
of both journal bearings appeared to increase appreciablY during 
flooding but the thrtasti bearing performance didnwt change. 
a 400 watt loss in CSU power output that  was completely recovered 
when the u n i t  was returned to  normal operation. 

The clearances 

There wa8 

Turbine exhaust pressure w a ~  varied between 5.2 and 7.5 psia and 
t h i s  resulted i n  an output power variation of 300 w a t t s .  

Throughout the test the vibration. levels w e r e  quite low (less than 
1 "g" ) ;  however, the half speed "g" level was almost as high as 
the shaft speed "g" level. This did not appear to have any de- 

trimental e f fec t  on bearing performance or on overall  CSU performanee. 
Post test bearing calibrations agreed very well with pre-test checks. 
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3.5.2 PCS 1-1 System Test 
The reference data obtained duping the CSU I-lA-1 test indicated 

t h a t  CSU I-IA would be capable of operating under certain off-  
design conditions imposed by the PCS 1-1 pre-prototype power 
conversion system. This conclusion was verified during the 47 
hours of system testing which began on November 27, 1962 and 

w a s  concluded on Scember 19, 1962, 
"Sunflower Bwer Conversion mpical", describes this test i n  detail. 

TRW ER-5396, &vision A, 

PCS 1-1 System test consisted of three separate runs identified 
as PCS 1-1-19 FCS 1-1-2, and PCS 1-1-3 which are summarized as 
follows : 

a. PCS 1-1-1 

This i n i t i a l  run lasted a total of 3 hours and consisted of 2 

separate starts, During this run the power output reached 
2000 watts at  1478 cps and 206 psig turbine inlet  pressure., 

The t e s t  w a s  terminated when the condenser no longer could 
control exhaust pressure md turbfne exhaust temperatures reach- 
ed 71Q°F. The second run was terminated shortly after it s t a r t -  

ed  because of a valve problem, 
b. PCS 1-1-2 

This run consisted of 19 separate starts w i t h  actual m i n g  

time totaling 44 hours. 
up t o  40,000 rpm and usually had t o  operate a t  off-design 
turbine exhaust pressures and w i t h  the bearing drains pressuriz- 
ed. Its performance w a s  not as good 86 it was during the con- 
ponent test because of shaft drag due t o  flooding caused by 
pressurized bearing drain l ines ,  
and restarted ten times due t o  condenser performance as effected 
by other s y s t e m  parameters. The result was an increasing turbine 
exhaust pressure which climbed t o  an unsafe level. 

The CSU operated a t  various speeds 

The test had t o  be shut down 

A shut down 
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and restart was required to regain satisfactory s~8tem operation. 

C. PCS 1-1-3 
Prior to this test certain test r i g  modifications were made 
t o  aid i n  evaluating system performance. 
of only one start and was very short i n  duration. 
spun up to 30,OOo rpm momentarily, stopped and could not be 
restarted, 
dianretral clearances of the bearings were s t i l l  the same as 
prior  to the CSU I-IA-1 component t e s t .  

mercury sample f r o m t h e  s y s t e m  disclosed the presence of 
l i t h i u m  which indicated a boiler failure. 
from the s y s t e m  fo r  inspection. 

!Ibis run consisted 
The CSU 

Bearing calibrations indicated that the estimated 

An analysis of a 

The CSU was removed 

Lithium-mercury amalgam was found i n  the CSU but did not cause 
damage to anything but the glass bore seal  of the alternator 
stator .  It severly attacked the glass and caused interference 
between the rotor and stator which prevented shaft rotation. 
After the component pasts were cleaned their condition was ex- 
cel lent  w i t h  the exception of the stator. 
bearing wear and erosion was nowxistent. 
w i t h  all the original parts except fo r  a m w  alternator stator. 

There was no Bleasurable 

The unit was reassembled 

In summary, the results of CSU I-IA test ing indicate the a b i l i t y  
of the unit to f u l f i l l  its performanee requirements provided cer- 
t a i n  previously identified design improvements are incorpora*d. 
No problems were associated with th2 turboalternator tests except 
to lower power output whn coupled With system components. This  

dlscrepency should be elimlmted by the incorporation of the design 
improvements discussed In paragraph 3.3.6. 
system requiremnts, even without the recomnded desi@ Improve- 
ments, CSU I-IA demonstrated the abi l i ty  of the uni t  to withstand 
the equivalent of ten squir t  star€s and a total of 13 s t a r t s  w i t h  
no harmful effects.  

With regard to other 

3 6 Developmental Redesign for CSU I-3A 
There were no changes of any significance in CSU 1 - 9  as ccinpared 



to CSU I-LA. The uni t  is described i n  paragraph 1.3 which means that it 
had incorporated the design improvements 6eseribed in paragraphs 3.2 
and 3*4. 

4.0 CSU I-3A TEST RESULTS 

Testing of CSU I-3A w a s  primarily endurance running with most parameters constant 

a t  design conditions. 
and each of the runs w i l l  be discussed regarding operation of the un i t  and 
significant events which occurred. 
with supporting discussion t o  cover these events as well as operational per- 

formance of the CSW a t  various stages during the test. 

There were three separate runs which totaled 4325 hours 

The test history is presented graphically 

The graphs are t b  plots of significcnt variables with less  significant o r  
relatively constant parmeters tabulated i n  the margins. 
are averages and appear as s t ra ight  lfnes, they are generally accurate repre- 
sentations of operating conditions at  any point i n  time, relfecting the degree 
of constancy of uni t  operation and test r i g  control, 

Although the plots 

4.1 CSU I-3A-1 Test 

CSU I-3A-l test  was started oc February 5> 1963 and continued for  769 
hours when it was voluntarily shut down because of apparent blockage of 
of the first stage turbine nozzle. Fi-s 3, 4, and 5 are time plots 
of the various portiors of the test run which w i l l  be discussed i n  the 

paragraphs below, 

4,l.l Start-Up and Speed C l i m b  (0 to 20 hours) 

Figure I s  a plot of the first 20 hours of operation showing 
speed and pcwer Increases a w e l l  as vibration and ~~p data. The 

start transient i t s e l f  (not shown i n  the p lo t )  was very smooth and 
eas i ly  controllable with twbine i n l e t  pressure and simulated load 
resistance. The first speed plateau w a s  20,000 r p m  w i t h  500 watts 
output power a t  6s psig turbine i n l e t  pressure, It w a s  noted that 
the speed control was not opera%ing but the reason was not apparent 
at the t h e ,  

pressure and 1080 watts ou-bput without the $Feed control. 

3 

The next plateau was 25,000 r p m  w i t h  98 psig inlet 
Since the 
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f i r s t  mode c r i t e r i ca l  is approxU%@ly 30,000 rpm the s e e d  
was increased t o  35,000 rpm a t  a power level  of 1000 watts with 

lo5 psig turbine in l e t  pressure. A% t h i s  time the CSU pump was 

coupled; i D e o ,  the pump supplied i ts  own j e t  boost instead of re- 
ceiving it from the t e s t  rig. The speed control w a s  sei11 not 
operating properly and appeared to be causing a voltage unbalance 
between phases 

A f t e r  an elapsed time of 8 hows the miit w a s  operating a t  40,000 
rpm with 1000 watts output at a t.urbire inlet pressure of 125 
psfg. 
after 16 hours of elapsed time, it w a s  st the design va17* of 
240 psia. 
psfa the  output power was 3100 watts. 

The turbine i n l e t  pressure was gradudly increased until: 

A t  t h i s  pressure and a turbine exhaust pressur2 of 6 

Duping the first 20 hums the unit  performed qui** well i n  spit.e 
of the problem with the speed control. 
design but this was mainly due t o  any undersized first stage 
turbine nozzle (91% of design area). 

its design value of 34 ppm but a t  a flow of 25 ppm and dischayge 
presswe was 560 psia vs0 a 450 psia design value. 

Output power w a s  below 

b p  flow w a s  not raised %o 

Bearing performance was very satisfactory with the %whine bearing 
d i n t -  clearance nominally .OOll5 inches ar;d the alterrator bearing 
.OG2_2 inches., 
same but their magni%ude of .4 and .5 "gts' '  was relat ively low, 

attemp% wag made during th%s tbne Ferfod .&o suppress whirl by increas- 

Half speed whirE.P and e h f t  speed "ggQ level  were the 
h 7 ~  

in@; the beaping flow. 
Paramtrfc %sting (20 t o  150 hours) 
Tlae t i m e  period from 20 t o  150 hours w a s  devoted mainly t o  papa- 
metric testing aimed at fullfi1lfr.g the test obgectives. 
objectives aside from squirt s t a r t  and endurance ' k s t l q  were 
aceomplirshed during t h i s  period. The plot on Figure 4 s h o w h g  

operation for t h i s  t h  period does not show the paramtrfc  de- 

viations but, does show the average performance of the twbQd%5rnator 
uni t .  

4.1.2 

All of t3e 

32 



Generally, the uni t  was operating a t  design conditions and when 
off design conditions were imposed they were maintained only long 
enough to  suff ic ient ly  evaluate the effect on overall performance. 
Shortly after the beginning of this time period .th? speed control 
was lrmoved fo r  exazninatfon arad found t o  have an improperly connect- 
ed neutral line. After this lfna w w  moved t o  its correct position 
the control was re instal led and performed very 7~cU fo r  the balance 
of t b  tes t ing of csu 1-30 

Each of the paraaetric tests w i l l  be discussed individually i n  the 
following sections with regard to the amount of variation from design 
and the effect  on unit operation. 
other significant events which occurred during th i s  period. 

Also a subsequent section describes 

a. Calibration 
Approximately 21 hours after startup the CSU pump WES calibrated 
at tbree different inlet pressure; 3.5, 4.7, and 5.7 p5ia. 

3.5 psia inlet pressure the flow was varied from 33.6 ppm where 
the pressure w a s  475 psia to 25.2 ppm where the pressure was 

550 p i a .  
to 38 ppm w i t h  discharge pressures of 555 and 500 psia respective- 

ly. 
at 475 psia discharge to x) ppm at  575 psia. The pump operation 
was smooth over this operating range and its performance equaled 

or  exceeded design reqyimmnts especially at the higher inlet 
pressures . 

A t  

With an inlet pressure of 4.7 the flow range was 25 

A t  an inlet pressure of 5.7 psia the flow ranged from 43 ppm 

b o  Bear- 
Aside from tbe off-desiga psrametric tests ,  operation of all three 
bearings was s t e a d y  during this timc period. 
journal bearings was constant a t  6.4 ppm With the thrust bea rhg  
flow holding at  11.7 ppm once the unit reached ftiL1 power. 
this point there were no more changes in thrust bearing flow or  
pressure. 
f r o m  300 t o  320 psig which indicates a decrease from .0012 to 
. O O l l 5  inches diearetral  clearance. Turbine bearing inlet pressure 

Lube low for  both 

Beyond 

TIE alternator bearing supply pressure gradually rose 
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also gradually increased from 350 t o  380 indicating a reduction 
i n  diametral clearance from .00115 t o  ,00105 inches. These re- 
ductions i n  journal bearing diametral clearances did not cause 
concern since F a s t  experience had shown that this period of time 
was required for  the clearance t o  stablize. 

Several parametric t e s t s  concerning the bearings were performed 
as epecified i n  the test objectives, the results of which 
follow. Just prior t o  these tests half speed bearing whirl 
decreased t o  zero which resulted i n  a slight increase i n  lube 
supply pressure t o  both journal bcaringp. 

1. 

2 .  

3.  

4. 

Turbine Maring Lube Flow Variation 
Turbine bearing Pabe flow w a s  varied over the range of 5 
to  8 ppm. 

clearance increased s l igh t ly  (about 4$) but there was no 
other e f fec t  on CSU operation. Decreasing the flow from 
6.b t o  5 pprri did not decrease the d i m t r a l  clearance but 
half speed whirl reappeared. 
i n  CSU operation, 
Alternator Bearing Lube Flow Variat3ion 
As i n  the case of the t-mbine Searing the alternator bearing 

lube flow was varied from 5 t o  8 ppm. In  t h i s  case however, 
the diametral clearance decreased slightly (about 5%)  a t  5 ppm 

as well as increasing s l igh t ly  (about 8$)  a t  8 ppm. 

were some supply pressure fluctuations a t  5 ppm. Aside from 
this and the reappearance of whirl a t  the low flow there was no 
other change i n  =it operation. 
Thrust Bearing Lube Flow Variation 
The thrust bearing flow was not varied because test r i g  

limitations would not permit raising the flow above its 
normal 12 ppm and it could not be lowered because it was 
operating a t  its arbi t rary low inlet pressure l i m i t  of 100 

When it was raised from 6.4 t o  8 ppn the diametral 

There w a s  no other change 

There 

PS it3 4 

Bearing Lube Temperature variation 
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Lube i n l e t  temperatures of all three beapings were simul- 
t a i eowly  reduced from tbeir normal 40C'F l eve l  t o  375 
and t o  350°F. 
alternator bearing diame+,ral clearance and a 40 psi increase 
(to 140 psig) in thmst bear- supply pressure. 
no e f fec t  on the tupbine bearing. 
ttmperat-n~ changc~ cawed by the lube temperature vari- 
atiori, there was only one significant change in performance. 
This w a s  a 100 watt decrease i n  alternator output power 

a t  350cF lube temperature probably the result of increased 
flow fato the a l t e r s t o r  cavity czausiog shaft drag. 

however, return to normal when the lube temperature was 

brought back to 400@F. 

' 
This reml ted  i n  a very s l igh t  increase i n  the 

T k r e  m= 
Except fo r  localized 

It did 

The lube *&mperatures were then raised (again sfmultaneously) 

t o  425 and then 450°F w h i c h  produced results opposite t o  those 
at the reduced temperat-are but t o  a lesser degree. 
was a very slight reduction i n  ab*trnator bearing clearance 
and a 15 psi  decrease iIi th2"rXSfg bearing supply pressure. 
turbine bearing was somewhat unsteady during the t ransi t ion 
to 450OF but once the %empsrat.are stablized i ts  operating 
characterist ics were unchanged. Them w e r e  no changes i n  
other operating condftiom OF paremeters aside from sonu? 

localized temperature changes caused by the lube temperature 

variatior?. 
a drain pressure of up to 12 inches of mercury could be im- 
posed on the bearings fndivfdually or simultaneously. 
full 12 inches was applied to the alternator-thrust bearing 
d r a i ~  l i ne  and this flooding of the bearing caused l iquid 
to pass through a dynamic sea l  resulting i n  a drag on the 

alternator rotor  and a loss of 500 watts power outpat. 

addition to the power loss there was a s l igh t  decrease i n  
alternator bearing flow and minor changes in some of the 
housing temperatures. 
the turbine bearing drain thus sinnrl+%aneously flooding all 

There 

!he 

The bearing drain lines w e p t  plumbed such that 

The 

In 

The 12 inch head was then lmposed on 

35 



three bearings. 
w a t t  loss  i n  power output, Under these conditions the 
alternator cavity drain flow w a s  measured at 3.75 t o  4.0 
ppm which explains the loss i n  power. These results re- 
affirm the necessity of having effective seals a t  both the 
turbine and alternator bearings. 

This resulted ir, an additional 50 to 70 

Bearing drain pressure w a s  gradually reduced t o  i ts  normal 
value and operating conditions returned to the i r  original 
values. It took two o r  three hours for  some parameters 
such as the turbine interstage pressures to return t o  normal; 
and half speed whirl, which had reappeared, didn ' t  diminish 
for  several hours. 

the bearings was regained and i n  f ac t  was eventually some- 
w h a t  higher when the alternator cavity drain flow decreased 
below i ts  pre-flooded bearings level. 

All of the power l o s t  during flooding of 

c . Alternator Coolant Temperature Variation 
Alternator coolant inlet t e m p e m - t u m  was varied over the range 
of 450 t o  580"F, its normal operating level  being 540??. 
the two extremes the out le t  temperature vas 510 and 590°F. 
excursion didn't  appear to af fec t  the unft  except fo r  a correspond- 
ing decrease and increase fr, alternator housing temperatures. 

A t  

This 

d. Turbine Exhaust Pressure Variation 
The turbine exha&% pressure w a s  reduced from its usual level 
of 7 psia A& 5.5 psia which lowered the exhaust temperature from 
605 to 585°F. 
power. Other parameter5 affected -were the bearing drain and vapor 
cavity pressures which dropped s l igh t ly  as did the turbine exhaust 
scrol l  tenperatutres. Vhen the exhauai, pressure was returned t o  
normal they immediately returned t o  the i r  original values. 

 his resulted in a gain of 200 watts i n  output 

e. Drain Flow Measurements 
CSU I - 3 A  w a s  the f k s t  un i t  for which provisions were made t o  
measure the various drain flow; f.e., alternator cavity drain, 
turbine vapor by-pass drain, turbine bearing drain, and the 
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cambined diternator and thrust  bearing drain. 
uni ts  the alternator cavity &rain flow and turbine vapor by-pass 
f l o w  both discharged into the turbine exhaust and the i r  magnitudes 

were unknown. 
plumbed such that they narmally flared back into the test r i g  

but, when desired, could be collected individually and weighed 
for a flow measurement. 
f'rcan having th i s  drain f l a t  measurement capability. 
vious tests there were occasions when flow measuring venturis 
changed calibration and in the case of bearing flow th is  could 
give misleading inf'ormat ion concerning bearing operation. 
Periodic measurements of the bearing drain flows during the CSU 

1-3 test double checked the readings of the bearing f l o w  venturis. 

In previous 1 .  

These and the bearfng drains of CSU 1 - 3  were I '  
I 

There were several benefits derived 
During pre- 

Alternator cavity aad turbine vapor cavity drain f l o w  rntasurements 
provided an insight in to  the effectiveness of the dynamic seals 

within turboalternator unit. 

cavity drain flow, it was especially important because the 
magnitude of th i s  f l a t  had a significant effect  on CSU power 
output. 

Also, i n  the case of the altermtor 

Throughout the tes t ing of CSV 1-9, periodic measurements of all 
drain flows were made and the resul ts  are presented graphically 
in Figure 6. 
drain f l o w  xiaminally was 6.6 ppm which agreed very w e l l  with the 
indicated 6.4 ppm lube flow. 
constant for all CSU 1-3 testing. 
bearing drain f l o w  was somewhat er ra t ic  for the first 200 hours 
but settled out at 25 ppm which w88 7 ppm more thaa the total 
alternator and thrust bearing lube flow. 
mained constant throughout the CSU 1-3 test indicating that 

th i s  drain f l a w  was a valid check on the bearing lube f l a w  
accuracy. 
additional 7 ppm flow. 

ppm. 
and as previously mentioned had an appreciable effect  on CSU per- 
formance. I n i t i a l  measurements of this  flow indicated 

During the first  150 hours the turbine bearing 

This slight discrepancy remained 
The alternator and thrust 

This discrepancy re- 

Backface leakage &om the CSU pump accounted for  the 

Vapor by-pass f l o w  was approximately 0.85 
The alternatm cavity drain flow, however, was quite e r ra t ic  
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. 
a flow of .5 ppm but after a short period af t i m e  s e t t l ed  out 

s l igh t ly  less thar? .1 ppm. 

portions of the test the alternator cavity drain flow w i l l  be 
discussed i n  more detail. 

Xn the sections describing l a t e r  

f. General Colmarents 

The preceeding sections which discussed the various parametric 
tests i n  general described most of the tes t ing  which took place 
during the first 150 hours. However, there were a few additional 
occurances of in te res t  whfch took place. One of these was the 
detemfnation of which direction the t h r u s t  bearing is loaded. 

The way chosen to do this  was to raise the alternator bearing 
drain pressure thus loading the shaft i n  the direction of the 
turbine. 
which had been running 20,5 in. Hg vacuum, to tupbine exhaust 
pressure which had been running about 17.5 in. Hg vacuumo When 
th is  was accomplished the thrust  bearing pressure rose s l igh t ly  
a t  constant flow indicating a shift towards a more centered 
position. 
wards the pump end of the CSU. 

during the t i m e  the drain pressure was raised. One was an in- 
crease i n  sea l  leakage as evidenced by a loss  i n  power and in- 
cmased alternator cavity drain flow. 
ation of half speed w h i r l  which confirms that w h i r l  was motivated 
by the alternator bearing, 

This was accomplished by referencing the drain pressure, 

Therefore the thrust bearing is normally loaded to- 
Two additional things =re noted 

The other was the elimin- 

Another phenomenon noted shortly af ter  the thrust bearing investiga- 
t i on  was the ef fec t  of CSU pump flow on alternator cavity drain 
temperature. 
was expected that a t  the higher flow, and therefore lower pressure, 
the leakage into the alternator cavity w o u l d  be reduced. 

it had the opposite effect .  
bearing drain pmssure to increase resulting i n  greater flow 
through tbe dynaniic seal into the alternator cavity. 

The flow was varied between 26 and 35 ppm and it 

However, 

Apparently it caused the slternator 

The periodic checks of alternator cavity drain flow indicated 
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a direct relationship between this flow aud i ts  temperatute, As 

previously mentioned nigh cavity drain flow appreciably affec+,- 
ed CSU power oiltput, 
greatly influenced the amomt of alterriator cavity drain flow it 
became apparent that t o  keep the cavity drain flow a t  low level  
the alternator bearing drain pressure woul@l have t o  be controlled. 
Fortunately t h i s  prefsare could be controlled In the following 

manner. 
drain "degas" valve , which refereaced the bearing drain pressure 
to  condenser pressure, would ra ise  the drain pressure, 
as described above, lowering the p u p  flow lowered the drain 
pressure 
as required and after a period of experimentation it was found 
that maintaining it i l r  the range of 20 t o  22 in. Hg vae'um kept 

the alternator cavity drain flow a t  an acceptable level. 
not desirable t o  allow the preeswe t o  go below the low l i m i t  be- 
cause of the possibility of' boiling within the drain l i ne ,  

Since the al ternator  bearing drain pressure 

As described above , opening the a l t e m b r  bearing 

Also, 

Therefore, the preswire could be raised or  lowered 

It was 

4.1,3 Endurance R u n  (15C t o  769 hours :! 
Havfng completed the parametric tes t ing the next object.ive was t o  
determine the eadumnce capabili ty of the -mito !Thus the balance of 

t h e  C s 3  I-32.-1 t e s t  was devoted ko steazy s t a t e  operation OP a t  near 
design conditiom e iWxdairLing control. paramters within tklELr spec - 
i f ied ra.nge was sceoinpllsh,?d wit.h re la t ive zase e Plcctuations of in- 
coming plant e lec t r ica l  power was the maFn came of variatiori from 
the nominal control levels, 

Tiibine flow was cca%rolled by adgusting the power k p u t  into the 

boiler which determined %w amount of mercury vapor geaerated, 
irg 11&e temp?retuFes alternator CCSQ~EUI+,  tempemture and CSU pump 

inlet temperatqxwe were controlled 3y individual heaters e 

pump flows were eor,trolled by metering valves, 
pressure was coctrolled thro.rzgh kine use of a vacuum pumpo 

plained i n  the seetion 4,1,2 i t  w a s  found that En order to keep 

the alternator cavity drdiri flow a t  a l o w  level the alternator bear- 
ing drairi pressure :'?$ tu 'ne he ld  within ce r t a ln  l i m i t s  This could 

BaF- 

Bearing and 
Wbiae e x h a s t  

As ex- 
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be accomplished by cracking tbe alternator bearing drain "degas" 

valve to increase this  drain pressure o r  by lowering pump flow. 
Occasionally it was d i f f i cu l t  to obtain an equllibrium point which 
held the pressure in its 20 to 22 in. Hg vacuum range. 

inbrac t ions  between the alternator bearing drain pressure, alter- 
nator cavity drain flow and CSU output power are shown in Figures 

reqylred la compensate for  the plant power fluctuations. 

'Ihe 

7 and 8 . However, in general only trim adjustamzts were 

Figure 5 shows the plots of significant psrameters versus time 

during the endurance run. A gradual decline in output power can 
be noted. 
inlet housing was suff ic ient  toresult i n  wet vapor entming the first. 
stage nozzle. 
collecting in,  and par t ia l ly  blocking the nozzle passages. 
true,  the reduced nozzle throat area would lower tbe weight  flow 
through the turbine and thus reduce its output. 
housing heater was activated to a l lev ia te  this problem. 

It was suspected that the k a t  loss fran the turbim 

This condition can result  i n  corrosion products 

If 

The turbine inlet 

Throughout the test the turbirre bearing diametral clearance exhibited 

an appe;rcnt decrease. llre magnitude was extremely small and did 

not pose any operational problem other than to arouse suspicion. 
As 8 result it was care-y monitored. 

To more accurately evaluate the perfoxmance of the uni t  a t  a 
given instant,meastlrepaenta of the variation in output power as a 
fuaction of turbirre inlet and exhawt pressure8 were made. 

th i s  infoxvation the po-r output could be corrected t o  standard 
operating conditions for  cornpariaon with previous data. 
these corrections and taking into account the ef fec t  of alternator 
cavity drain flow showed that  after 550 bum the decay i n  power 

output w88 300 watts. However, it had remained constant for  the 
preceedlng 300 hours which coincided with the reactivation of the 
turbine housing heater. 

Using 

Applylng 

A t  an elapsed time of 725 hours, however, there wae a step- 
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i n  power of about 600 watts. 
interstage pressures and boiler power both dropped off which 
indicated reduced vapor flow through the turbine. 
40 hours later there were additional step reductions i n  power and 
at 769 hours the power had dropped t o  1600 watts. A l l  indications 
were tha t  the first stage nozzle was plugging. To avoid opertktion 
at l o w  power and t o  preclude the possibl i l i ty  of shaft seizure the 
t e s t  was shut dam. 

partially disassembled. 

A t  the  same time the turbine 

Approximately 

The unit was removed fromthe tes t  r i g  and 

4 1 . 4  Disassembly 
_I_-- - 
Aside from the step changes in power the CSU was  performing very 
sat isfactor i ly  rfght up u n t i l  shut darn. 
t h a t  the f irst  stage nozzle was par t ia l ly  blocked and t h i s  suspicion 
was fonfirmed when the  turbine in l e t  housing was removed. Discrete 
particles, ranging i n  size from .040 t o  ,060 inches, were found 
lodged i n  the nozzle passages. These part ic les  were removed as 
was (I black f i l m  found on the turbine bearing journal. This f i l m  

had no measurable thickness and was eas i ly  polished off .  It i s  
l ikely that th i s  fi lm was responsible for the apparent decrease i n  
turbine bearing diametral clearance. 

It was strongly suspected 

Prior t o  reassembly of the unit ,  the first stage nozzle throat 

area was measured and found t o  be 87.5$ of design as compared t o  
9l$ originally. 
had occurred prior t o  actuation of the turbine housing heater which 
subsequently could not be removed by the normal cleaning procedure. 
This observation a l so  explains the ear ly  (300 watt) drop i n  power. 
Th i s  unit  was reassembled with a l l  original component par ts  and re- 
turned t o  the tes t  r i g  for  continuation of the endurance run. 

Apparently some corrosion products deposition 
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4.2 CSU 1-3A-2 E s t  

CSU I-3A-2 Pes% w a s  a coctirtuatiorA of rLe m-&xasce teasf=  of CSU I-3A, 
the objective being to acccumt;lak a mi~.jmum of one years operatfoc. 
test w a s  irsvolun*%ily shut do=# %13wever, af?&r 

operation becmse of a municipal power failure. A t  the time of the shut 
down the uni t  had a c e - d a t e d  4325 hows OF the equivalent of 6 months 
operating t imeD 
during the final 200 hours of the t e s t  there wezeno indications of in- 
cipient failure and i5 appe-3 t o  %e capable of coritinahig the endurance 
FUI~ f o r  an extended period of t h e .  

The 
3556 burs of con t inmu  

Although the operation of the unit  had been compromised 

As i n  the case of %he CSU I-3A-1 t e s t  the test, history is presected 
gr8phieally and significant events w i l l  be dfscissed along with opera- 

t ional  perfoAmance of the CSU a t  variom stages dzlsing the test. 
4,2.1 Test R i g  Modifications 

Prior to reinstal la t ion of the unit into the test r i g  cer ta in  r i g  
modifications weEmsde to prevent the formation of the par t ic les  
which were responsible for  the s h t  down of the CSU 1-3-1 t e s t .  

A review of the test  r i g  data indicated that a r i g  shut down pr ior  
t o  that test resulted in a back flow of fluid from the boiler 
inlet up through the centrffugal separator and the discharge of the 

superheater and into the area of the metering md shut-off valves 
a t  the CSU. 

to have been formed by floating of corrosion products on the 
mercury surface during this back flush and subsequent evaporation 
of the mercury from the deposits. 

eroded OP dislodged by the vapor flow and subsequently progressed 
into the Cil~bine housing causing the step changes fn power. As a 

result of the formatfon of pmticles,  several changes in the con- 
cepts of the test r i g  were imorporated to  prohibit the formation of 
products on the metering aad shut-off valves and to ellmfnate the 

possibi l i ty  of an invertent back flow t o  the turbine 

changes were as follows: 

The deposits found i n  front of the shut-off valve appear 

With time these products were 

area. These 

a. Removal of metering and shut-off valves from the position 
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b. 

C .  

d. 

e .  

f .  

g* 

h. 

immediately upstream of the turbine t o  a location a t  the e x i t  

of the boiler prior t o  the superheater which lowered the i r  
operating temperature, 
Placement of the by-pass function of the test r i g  i n  a similar 
location e 

The use of a shut-off valve a t  the turbine i n l e t  rather than a 
metering valve i n  order t o  increase the flow res t r ic t ion  size, 
and t o  be identical t o  the valve which has shown good service 
a t  this  location fo r  a period of approximately 4000 hours prior  
t o  that time. 
Movement of the location of the centrifugal separator t o  a position 
immediately i n  from of the turbine and insu3ation of the l iquid 
drain l ine from the separator t o  the interface i n  order t o  re- 
duce the rate of condensation occurring i n  this  l i ne ,  
The present corrosion product separator a t  the boi ler  i n l e t  w a s  
replaced by a single corrosion product separator i n  the l iquid 
return of the boiler centrifugal separator in order to &llow 
operation at temperatures of approximately 6 0 0 ~ ~  t o  determine 
whether the corrosion product separator is f'unctioning properly. 
A check valve was added i n  the superheater cen%rihgal  separator 
return l ine t o  prevent inadvertent back flow of f lu id  toward the 
turbine i n  the event of an emergency o r  normal shut down. 
Incorporation of collector pots i n  various locations i n  the 
r ig  t o  determine whether corrosion products carried i n  the flow 
stream have a tendency t o  Pise i n  ver t ica l  l ines  and allow trapping 

of these products, 
r ig  without effecting r i g  operation so they could be periodically 
inspected t o  determine whether the trapping of products i n  t h i s  

manner was successful, 
An inline f i l t e r ing  element was installed immediately i n  front 
of the turbine inlet housing t o  catch or  r e s t r i c t  foreign par t ic les ,  

These collector pots were removal from the 

When the uni t  was disassembled after its f inal  test run the first 
stage nozzle area w a s  measured and found t o  be the same 88 it was 
pr ior  t o  the  CSU I-3A-l t e s t  which indicates the effectiveness of 
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these r i g  modifications. 
Start-up and Speed C l i m b  (0  t o  20 Hours) 

CSU I-IA-2 test was started at 1415 on April 16, 1963 
t o  start-up the bearings were calibrated and the results agreed very 

closely with previous cslibrat ions. 

- 4.2 2 
Just  prior 

Turbine inlet pressure w'as gradually applied but the unit  start- 

ed before there was any pressure indication on the in l e t  pressure 

gauge. 

pressure. The first speed plateau was t o  be 2oooO rpm but the 
uni t  accelerated beyond t h i s  point and was controlled at 25000 

i n  stead. 
t h i s  pressure the power was 1160 watts with a turbine exhaust t e m -  
perature of 575°F. 
high so the  pump was valved t o  supply its own je t  boost. 

This was probably due t o  low system (turbine exhaust) 

Turbbe inlet pressure was brought up t o  100 psig. A t  

CSU pump discharge pressure was suff ic ient ly  

The speed was raised t o  35000 rpm, again by-passing 30,000 because 
of first mode c r i t i c a l  shaft speed. 

readings less than atmospheric were at a very high vacuum. 
attr ibuted t o  the system being very t ight ,  therefore nitrogen was 

bled into the system t o  raise these pressures t o  their normal levels. 

It was noted that a l l  pressure 
This was 

A t  an elapsed tim of four hours t h e  speed was brought up t o  boo00 
rpm; output power was 960 watts, turbine inlet pressure was 140 psig, 
and the  exhaust pressure 'bm8 7 psia. 
pressure was raieed to 240 ps i s  where the power output was 2900 watts. 

Over the next four hours the 

Figure 9 is a plot of these first 20 hours of operation. 
the turboalternator was operating a t  design conditions after 8 hours 
and by the end of t h i s  time period had essent ia l ly  achieved steady 
state operation. 
bearings and alternator cavity dran  flaw. 
fluctuated between .OOll5 and .00125 inches while the alternator 
bearing clearance fluctuated between .MI2 and .OOl3 inches. "his 

As shown 

There were the usual exceptions; the journal 
Turbine bearing clearance 
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time period tm stabi l ize  clearance w a s  saomal. With regard t o  
the alternator cavity drain flow it w f l l  always be ema t i c  uti1 
the newly designed dynamic seals are incorporated into the CSU, 

Two later wits which have the new seals are assembled but have 

not been tested t o  determine the effectiveness of the new seal 
des ign. 

Endmanee Rclll ( 20 t o  3556 hours 
Figures 10 , 11 , and 12 are tdme plots of several parameters 
for t h k  3556 hours endurance L-X. The parameters selected were 
those tha t  were somewhat variable o r  had s ignif icant  effect on 
turboalternator performance e Except for  cer ta in  events near the 
end of the t e s t  the unit ran under steady state condftio,m with 
parameters constant. 

4.2.3 

Power output remained essentially constant a t  2800 watts up until 
the last 200 BOWS when the alterna-bor was accidentally par ia l ly  
demagnetized. This Esu l t ed  in a power loss of 40 t o  50 watts 
which is a relatively small amourat considerating the operating 
conditions imposed on the wit. ?liis occurrence w f l l  be discussed 
in more de ta i l  i n  a later paragraph. 
maintained a t  240 psia except for  a shorb period followfng the 
alternator shorto Turbine exhaust w a s  controlled t o  7 psia. 

Turbine i n l e t  ppessure w a s  

The following paragraphs discuss bearing and CSU performance, 
drain flow measu.~.em@nts and vibration level. 
a, Bearinas 

Bearing performance during the CSU I-3A-2 test was nearly identi-  
c a l  to tha t  of the CSU I - 3 A - l  test except t ha t  E t  took longer 
for their clearances t o  s tabi l ize .  A f t e r  about 350 hornre the 
clearances were holding steady a t  .0011 in.  for the turbine 
bearing and .OOll5 in. for the alterrmtor bearing. Thrust Bear- 

ing flow was 12 ppm a t  lS5 paig, 
evidence during the first 100 hours with shaft speed "g" level  
running a t  .35 togoso' and half speed 8% .2 "grstc.  After 100 hoiirs 

the "gVf level  wa8 barely measurable and after 350 h a r d  it w8.s non- 

Half speed whir1 was i n  
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existent 

When the uni t  first reeched 40,000 rpm the bearing flows were 
as follows: Thrust bearing, 12.5 ppm a t  110 psig; a l te rna tor  
bearing, 6.5 to 7.0 ppm at  315 p i g  average; tilrbine bearing, 
6.5 to 7.0 ppm a t  295 psig average. 
maintained a t  t h i s  level  with only minor adjustments during the 

test. 
w e r e  set a t  6.4 ppm wUch was t o  be their nominal flow ra te  for  

the csu 1-3-2 test. 

The thrust  bearing flow w a s  

Shortly after reaching 40,000 r p m  both journal bearings 

During the first 70 hours, however, several attempts were made 
to suppress half speed whirl by adjusting journal bearing flows. 
"he turbine and then the alternator bearing flows were increased 
to 7 ppm with very l i t t l e  e f fec t  on whirl. 

f l o w  was lovered to 6 ppm and then  returned t o  6.4 a t  which t h  
the turbine bearing flow was reduced to  6 ppm. 
these changes reduced w h i r l .  

alternator bearings were raised to 7.5 ppm which decreased w h i r l  

but only temporarfly. 
flow w a s  raised to 8 ppm and turbine bearing flow t o  7 ppm de- 

creasing whirl to practically zero. 
at these values for an additional 260 hours i n  the case of the 

turbine bearing and 300 hours i n  the case of the alternator bear- 
ing a t  which time they were returned to the i r  normal 6.4 ppm. 
Whirl returned to i ts  original magnitude at  70 hours but dropped 
to a very low value at 100 hours and disappeared a t  350 hours. 
It was a t  this same time that the clearances stabilized. 

Alternator bearing 

Again none of 
Flows to the turbine and then the 

A t  the 70 hour mark the alternator bearing 

These flows were maintained 

Thrust bearing performance remained constant throughout the test 
except for  a period between 1200 and 1800 hours when pressure 
fluctuationswere noted (320 psi) .  
to 13 ppm w h e r e  it remained f o r  the balasce of the t e s t .  

was very l i ke ly  related to  instabi l i ty  of the alternator bearing 
which also was occurring a t  t h a t  t ime.  This i n s t ab i l i t y  w a s  the 

The flow w a s  gradually raised 
This 
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In general the a l t e r n a b r  kcar ing  performance w&s satisfactory 
with i t s  diametml c l e ~ ~ e e  rmainlng in the  .OOKL t o  .OOll5 
inch range up until the f i n a l  250 hums. 
dropped t o  .OOOg inch, gp&~alPy returnedl t o  .0010 and stayed 
t o  the end of the test. 
operation the alternator bearing supply pressure was samewhat 
errat ic  throughout the t e s t  with fluctuations of k l 5  psi. These 
pressure fluctuations appeared t o  be storngly isrfltzenced by after- 
nator cavity drain flow. 
the new dynamic seal between alternator bearing journal and 
the alternator cavity. 

A t  tha t  time it 

Ekcept for  brief periods of steady 

This problem should be eliminated by 

Prior t o  the decrease i n  alternator bearing clearance near the 
end of the test, a leak had developed i n  a mercury t o  water 
heat exchanger allaFi3g water to enteP the t e s t  r i g ,  It is un- 
hewn vhether water actually traveled t o  the bearing cavity but 
the leak was repaired without stopping the test md subsequently 
the clearance slowly retwfiel! towards i t s  migina l  value. 

Aithoxgh The e l e m m e e  e v e r  competely returned t o  i ts  original 
vahe  and because of l a t e r  seizure of the bearing it was im-  
possible t o  determix i f  the clearanre had actually closed down. 

The turbine bearing clcarame had a general tendency t o  decrease 
throughout the tes t .  The minimum cieasance during the t e s t  was 

.0003 inches. Its f i n a l  value a t  shut down was .GO094 which 
was iderrt i c a l  to the f ifial alternator bearing clearance 
attempts were made t o  adjust operatiag conditions t o  stop the 

darnware trend in  clearance but none wits actually successful. 

Several 



These adjustments, i n  the order i n  which they were attempted, 
areas follows. (Note: In  each case conditions were returned 
t o  normal when it was found that the change had no effect) .  

a. Turbine bearing lube temperature was lowered t o  375°F and 
raised t o  425°F. 
Turbine exhaust temperature was lowered t o  cool the 

shaft and thus reduce the journal diameter. 
Bearing supply pressure was raised t o  450 psi& 
Turbfne inlet pressure lowered t o  225 psia and raised t o  

255 psia. 

b. 

c. 
d. 

Although none of the above parametric changes checked the down- 
ward trend in  indicated clearance, the bearings were alwap within 

the design specifications for flow, pressure and clearance. 
disassembly the turbine bearing had the identical  clearance as miginal ly  
masured. 
l y  responsible for the indicated change in  clearance. 
will be discussed further i n  the disassembly section of t h i s  report. 

A t  

A t h in  film found deposited on the bearing was apparent- 
This film 

B. MercuryPump 
I n i t i a l l y  the pump performance was the sane as at the start of 
the CSU 1-9-1 test (26 ppm at 560 psis) .  However, during the 

first 170 hours output pressure dropped t o  520 psia at 26 ppm. 
During the next 300 hours the flow was gradually increased t o  30 
ppm where the premmre wss 495 psia. Flow and pressure gradually 
increased t o  25 p p  and 560 psia at 1600 hours which is the same 
perfararance as at the start of the tes t .  
flow MI purposely reduced t o  22 ppxn and ultimately t o  20 ppm. 

Shortly theraf ter  the 

Pump performance at the end of the CSU I-3A-2 test Fias identical  t o  
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C. 

the i n i t i a l  performance of the CSU I-3A-1 t e s t .  I n  f ac t  it was 
s l i g h t l y  improved RS showr, i n  Figure 13 e The curves compare 
cal ibrat ions before and a f t e r  a span of 3815 hours operating time. 
This performance is  well above design and i s  especially significant 
since severe erosion of the pump impeller was noted during disassembly. 
The condition of the impeller is  discussed i n  section 7.1. 
Drain Flow Heasurements 
Measurements of %he four drain flows (combined alternator and 

thrust  bear-lng, turbine bearing, turbine vapor by-pass, and 
alternator cavity) were made during the CSU I-3A-2 t e s t  i n  the 
same manner a? &iring the CS'J I-3A-1 tets%. Figure 6 shows these 
drain flows as R fiinctdon of time fo r  the CBU I - 3 A  test ing.  

shown by these cu~veo the flows remained rela%ively constant with 
the exception of the a l t R m ~ t o r  cavi%y drain. 
for the CSF 1-3.4-1 *st the bearing flows were used as a continuing 
check on bea-ring flow venturk aecuxaey and bearing performance. 

- _.-- 

As 

As w a ~ l  %he ease 

The irformcltfon o'bt,afrrcd during %he ZSU I - 3 A - l  t e s t  concerning 
%he alternator cavity drain flow, i t e  control, and i t s  e f fec t  
on CSU prfoimance was vel-ified in %he Cd'J I-3A-2 tes%, 
control of t,he flow was more 6ifficsl-t. al%horrgh +,he same methods 
were wed i n  botk. tes : .B~ 

c e r t a h  values f+ was necegmqy to keep the aJ_krn&or bearing drain 
pruss:.::c w i t t d r ,  the  range of 2Q to 22 fnehes of mreupy vacuum. 
%-is was accompiisheil ty vw~yfng  %he <S?J pump flow and opening 

or closing alterrlrrtor bearing degas valve, Lowcrfng the pump 
flow lowree the prczsrze midl opeifng the degarv valve, wkdch re- 
ferenced the ba-irie dsafn pmssuse! *. condenser pressure, raised 
the pmssiirc. 

Ilcrwever, 

In order 4x1 l i m i t  tke cavity flow within 

As shown in P i g i  6 the altermator cavity drain flow remained 
at  a high level during %he f i r s t  300 hours despite continuous efforts 
aimed a t  reducing the flow by vmying pump flow and turbine exhaust 

presswe. The power output of the CSU was correspondingly lckr". 
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D. 

Shortly a f t e r  300 hours the pump flow was lowered t o  20 ppm 
which resulted i n  a 50% reduction i n  cavity flow and a gain 
of 65 watts i n  output power, 
lowered t o  .lo ppm, Subsequently it climbed t o  .35 ppm and remained 
there u n t i l  an elapsed time of 1000 hours when it was reduced %o 

.08 ppm, This value corresponded t o  the flow ra%e experienced 
during the CSU I-3A-l t e s t .  A t  th i s  t h e  the output power was 

2800-2850 watts where it remained for  the balance of the t e s t ,  

Gradually the cavity drain flow was 

After 1000 houra pump flow was maintained i n  the 20 t o  25 ppm 
range and the alternator bearing drain degas valve paP.&fa,lly 
opened, 
which kept the alternator cavity drain flow a t  a low level. 
!Chert? were occasions when the cavity drain flow could not be 

controlled resulting i n  CSU output fluctuation$. 

15 are plots showing the relationship of cavity drain flow v d 0  
temperature and the relationship of output pomp t o  cavity drain 
flow. 
the CSU I-3A-l t e s t .  

vibration 
!The nominal vibration level during %his t e s t  run was one "g" with 
several occ&~~ions  when it deviated from this value, I n  the previous 
discussion of the bearings it was indicated that half speed "g" 
level was present for  only the first 300 hours. When measurable, 
the vibration a t  half shaft speed was .1 %o .2 "g" except during 
the i n i t i a l  20 hours when it was .6 t'g080so 

This maintained the bearing drain pressure i n  a range 

Figures 14 and 

These c m e ~  are nearly identical t o  those obtained during 

There were four occasion$ when shaf t  speed vibration level exceeded 
1.0 and are as follows: 

1, The "g" level fo r  five hours after start-up was between 1.25 
t o  1.5 which is a normal occurenee while the unit is erchkvhg 

stable operation, 
A t  960 hours the "g" level jumped t o  2.0 and then gradually de- 2. 
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clined to 1 .5  "g's' '  a t  1320 hours. 
A t  1320 hours the vibrations increased to 4.0 "g*s" which was 

verified with a portable accelerometer. %e level  gradually 
3.  

dropped to 1.0 duping the next 20 hours. 
4. A t  1750 hours the vibration increased to 2.6 "grsn which was 

also verified with a portable accelleromter, 
it was back at 1.0 "g*s" w h e r e  it remained fo r  the balance of 
the test run. 

Eight hours later 

A careful review of the test data and operating conditio= at  the 

t i m e  of each of the three sudden jumps i n  ''g" level did not reveal 
any explanation f o r  these occurrences. The only clue camc a t  a s -  
assembly of the CSU which disclosed three cracks i n  the alternator 
rotor  which could have been I.esponsible. 
bably s l i g h t  when they f i r s t  occurred which propogated in to  fractures 
during the overspeed at final CSU failure. 

These cracks were pro- 

E. General Comments 
The preceeding paragraphs discussed most of the t e s t  results but 
there were additional occurences of in te res t  which affected the 

operation of the unit. 
plant services and minor test r ig malfunctions. 
be discussed i n  the order i n  which they occurred. 

Most happenings concerned interruption of 

These events Kill 

A t  about 1300 hours elapsed time b.40 vol t  power failed instantSneously. 
This is the power supply f o r  the t e s t  r i g  mercury pump, boiler, and 
superheater. 
over which requires some adjustments, the boi ler  and superheater 
controls had t o  be reset, and the s y s t e m  vacuum pump had to be re- 
set. 
125 psig and speed to 29900 ppm. 
to nomtal and the uni t  was performing as w e l l  as, o r  better, than 
before the pomr failure. 

When the power was restored the auxiliary reg pump took 

While th is  WCLS taking place turbine inlet  pressure dropped to 
Conditions were gradually returned 
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Approximately 40 hours later the overspeed switch shorted which 
closed the turbine inlet  valve reducing turbine inlet pressure t o  
zero. 
was closed which opened the  tu rb ine  inlet  valve. 
ly climbed to 40,000 rpm and operation returned t o  normal. 

Speed had dropped to 10100 rpm when a manual override switch 
The speed immediate- 

A t  a n  elapsed time of 1360 hours it was decided t o  use the CSU 
pump to  supply the bearing lube flows. 
desirable at  the time because bearing lube flow could be maintained 
i f  the test r i g  pump failed and the auxiliary pump wouldn't start, 
Sufficient mercury was available i n  the CSU pump inlet reservoir 
t o  supply the bearings fo r  about 2 m i n u t e s  which would allow enough 
time to take corrective action o r  shut the .test down. 

over from CSU pump t o  r i g  pump bearing supply was made without 
incident and the system valving was such that the r i g  pump w o u l d  

supply flow i f  the CSU pump failed.  

This w a s  deemed t o  be 

The change 

A f t e r  about 4 hours of operation in this manner it was noted that 

the pump flow was lese than the total bearing flows which indicated a 
leaking check valve o r  erroneous reading of the pump flow venturi. 
Therefore, the system was returned t o  r i g  pump supply for  the bear- 

ings. 

Two dap later an accumulator was added to the bearing supply l ine 
so t h a t  i n  case both the mafn and auS1iaz-y r i g  pump became in- 
operative (such as due t o  a power f a i l u r e )  there would be a source 
of lube flow f o r  the bearings un t i l  the test w a s  shut down. 

system was capable of prcvfding a minimum of 250 psig a t  full bearing 
lube flow for  at least f ive  minutes. 

This 

A t  1410 hours a second 440 V power fai lure  was experienced with 
the same resul ts  except t ha t  speed decreased t o  35,000 rpm and turbine 
in le t  presaure t o  145 psfg. 
ating conditions with no change i n  performanee. 

Again the CSU was returned to mrmal oper- 
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On July 9, 1963 it vas decided to explore the possibi l i ty  of operating 
the test unattended. 
hours during the test run and an accumulated total of nearly 2800 
hours with no indication that 1% could not continue to run indefinite- 

ly. The intent  vas t o  eliminate around the clock coverage by test 
personnel if  proven feasible. 

. The unit  had been operating for  over 2OOO 

It was recognized that cer ta in  parameters vould have to be controlled 
during th i s  "hands-offft operation but the r e s t  would be allowed 

to dr i f t  unless certain l i m i t s  =re exceeded. 
be controlled *re condenser pressure, boiler level,  and alternator 
bearing drain l i n e  pressure. 
could be controlled automatically but the alternator bearing drain 

l ine pressure, which direct ly  influences alternator cavity drain 

flow, could not be controlled and would have to be allowed to seek 
its own level. The "hands-off" run was made to find aut  w h e t h e r  
the rest of tb test parameters would remain within acceptable 
limits. 

The pamm?ters to 

Boiler level and condenser pressure 

During tk first 30 hours, operation was eteedy and smooth With 

adjustzente required fo r  only the three specified parameters. 
inlet pressure and bearing flows renrained vithin specification w h i l e  

bearing lube temperatures averaged 109 and pump inlet l5*F above 
specifications, neither of which was unacceptable. 
balance of the "hands-off" run the following additional adjustarente were 
required: 

Turbine 

However, during the 

1. Boiler power. 
2. 'Ilhruet bearing pressure. 
3. Alternator coolant flow. 
4. inlet temperature. 
5. Turbine bearing heater. 
6. Superheater power. 
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After 147 hours thel'hands-off" operation was discorltinued as 
adequate informat.ion w a s  obtained to establ ish requirements fo r  auto- 
mating the test i f  a decision had been made t o  do so. 
test conditions were returned t o  the i r  usual values CSU perfomance 
was found to be unchanged. 

When %he 

A t  an elapsed time of 2280 hours, water supply t o  the test r i g  was 
interrupted for  35 Icinutes. 
the t e s t  rig pump and several subcoolers t h i s  could have resulted 
i n  a test shut down. 
although turbine exhaust temperature did climb to 645°F and the 
main r ig  pump fai led with the auxiliary pump taking over. 

Since th i s  water is used as a coolant f o r  

Fortunately no harm resulted to the uni t  

About 120 hours l a t e r  the thrust bearing lube heater cut  out 
allowing the lube temperature t o  drop to 2759  which caused the in- 
l e t  pressure to climb t o  150 psig from i t a  ususl 105. 

heater was re-energized the parameters returned to  normal. 
When the 

The next day a c i rcu i t  breaker cut  out which fed the alternator 
coolant, superheater discharge, and turbine housing heaters ., Turbine 
in l e t  temperature dropped from 1260 to  1220QF, turbine housing heater 
from 1230 t o  1090"F, and alternator coolant from 550 t o  4309. 
breaker was out for 5 t o  6 minures but it took only 15  minutes f o r  
these temperatures t o  return t o  normal, 

The 

There w a s  a period between 2800 and 3350 hours when it was d i f f i cu l t  
t o  masure the alternator cavity drain flow because the fluctuatfons, 
although not severe, came a t  close intervals which didn't allow 
sufficient t i m e  fo r  an accurate measurement. 
the flow did remain steady long enough to obtain a reliable value. 
For the given set of operating conditions and drain flow a t  t h a t  t i m e ,  
the CSU power output compared very favorably with comparable data 
t a k e n  several months earlier. This f ac t  leads t o  several observations 
concerning the test operation. 

A t  3250 hours, however, 

Corrosion product deposition i n  the 
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turbine inlet  housing had apparently been prevented. 
were mainly responsible for  this ;  the r i g  modifications made between 
the CSU I-3A-l and the CSU I-3A-2 test and the fac t  that the turbine 

inlet housing heater was operating throughout the test. 
indicative of the turboalternator's ab i l i ty  to withstand the sudden- 
l y  imposed off-design conditions caused by the interruped plant 
services and t e s t  r i g  malfunctions. 

Tvo thingrs 

, 

It is also 

Prior t o  the municipal power failure there ycre tro more significant 
events which appreciably affected CSU performance and operation. 
Theee events included a malfunction of the bearing drain l ine sub- 
cooler and a partial  de-@-etization of the alternator rotor. 

1. Malfunction of Bearing Drain Lines Subcooler 
A leak developed i n  the mercury t o  water heat exchanger wed in 
subcooling the bearing drain&! and altePnator and turbine vspor 
by-pass cavities. 
r i g  where it was vaporized and carried to  the condenser. 
f lux of steam to  th r i g  caused tbe condenser pressure t o  fluctuate 
considerably. 

This a l l o e d  water to enter  tb mercury test 
Tha in- 

Tbe water vapor waa removed by the we of vacuum pumps in the 
test rig. 

traps located between th! condeneer and vacuum pump had to be 
opened and drained of accumulated water. h u l n g  this phase of 
operation turboalternator back p r e e e m  was raised t0 atmospheric 
conditione msulting i n  turbine exhaust temperatures of 6759. 

Occseionelly, while maintaining a vacuum on the e y s t e m ,  

Shortly thereafter the alternator bearing pressure incream8 approxi- 
mately 100 psi while constant flow was maintained. 
known whether water actually traveled to the bearing cavity. 
ever. it seeme more than coincidental that the pressure would change 
a t  the t i m e  the leak developed since it had previouely operated 

6400 burs with only minimal chenge. 

It is  un- 
How- 

Throughout the following 
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week the  bearing pressure slowly returned toward the original 
value further indicating some eff@ct  due to the entrance of water 
into t h e  test r ig .  

A short t i m e  a f t e r  the subcooler leak was discovered it was de- 

cided to continue the t e s t  and make repairs without stopping 

the uni t .  
was to use mercury instead of water as the coolant, P.w any 
leakage wi th in  the subcooler would not a f fec t  the test r i g  o r  
the turboalternator unit .  

The method chosen *x, elbinate the water leakage 

It was found after making .the necessary ~onnections that the 

mercury t o  mercury heat e x c h a e ~  w m  not effective enough a t  
the flow and +&mpera%we conditio& aviail&bleo To compensate 
for t h f s  an auxiliary c~olf.;n,$ loop w a s  wrapped around the sub- 

cooler. 
Partfa1 Bmagnetizatiss of the AL+~rraabr Rotor 
During %he morning of Sepbmber 3 9  1963 the auxiliary coolant 
was provided by wrappilag coppep kabirsg around t k  mercury 
l ine leading to the drain nmiZ01d s ~ b ~ c o ~ e ~ .  However, during 
the fr;%tallation, one of %he ~oppzsg liws contacted tk a 1 - k ~ -  

natoP short circuit eapac3tor hat lead. 

sulted par t ia l ly  demagnetized the al ternator  rotor from a voltage 
level of' 110 v01t.s to Capproxha%ely 70 voltPo 

l y  decreased the load as seen by the d*mmato- the -mi% speed in- 
creased t o  439000 r p m ,  

manual load and reduced t o  k , G O C '  w. 
occurred -to the u ~ i t  it WGS reeogtized that t0 maintain a fixed 
load and constant speed an frmewed aperage would be reqkixd 

in each phase, Unt i l  a decision could be made &ad Co-ordiwkd 
with NASA, it was decrEded *a lower the turbine inlet pressure t o  
a value which mEnt,airied the Qterrator cPnr:n?nt at  approxitna-kby 

1 7  amps per phase, 
power a t  t h i s  point was approximately 2100 w a t t s .  

2. 

The arcing which re- 

Since t h i s  effective- 

It was controlled by ad3ustmnt of %be 

Although K) appazcfit &age 

ThSs w a s  acdomplished and the uni t  o.u!.p-& 
Ihe lower voltage 
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level which existed necessitated sever83 C h a n g e 8  i n  test r ig  

e l ec t r i ca l  equipment. These changes were as follows: 

a. Step-up transformers were installed on the input side of 
the speed control to raise the voltage into the speed 

control from 70 to ll0. 

the control to operate at its design voltage, 

and emmeters  in the r ig  consoles to double their range. 

Thus, they vould be capable of reading the higher currents 
t o  be encountered a t  full turboalternator pover. 

lhis was accaanplished t o  allow 

b. Current transformers were connected to the wattanetere 

C. The increased current that would result from return to 
f u l l  power was expected to raise the t e m p e r a t u r e  a t  the 

e lec t r ica l  connector. 
power was returned to noraral, a thermocouple w a s  installed 

on the connector barrel. 
this thermocouple was continuously recorded on a Logger. 

To monitor this temperature w h i l e  

9% temperature indication from 

A f t e r  observing all the data and obtaining XWA's approval it w&6 decided 
t o  bring the unit  to full pouer under the above conditions and allow the 
al ternator  e l ec t r i ca l  connector temperature to assume a vel= up t o  a maximm 
of approximately 350q. A t  the resumption of full power operation, this tem- 
perature read 320- with variatione of f lo-. 
that the conditions was satisfactory and the u n i t  was allowed to continue. 
The uni t  ran approximately 1 week a t  these conditions without incident. 

It wss felt  a t  this time 

4.2.4 Shut Down 
A t  1 8 : ~  September 11, 1963, a plant w i d e  power failure occurred 
which was traced to a substation supplying the plant from the municipal 
power station. 
the duration was uncertain a t  the t b e ,  action had t o  be taken immediate- 
l y  t0 attempt to preserve the unit  from damage. 
30 seconds of operation with no power to the f a c i l i t y  a normal. 
emergency shut down procedure was followed. !Be basic steps involved 

The power was off for  approximately 4 minutes, but since 

After approximately 



in t h i s  proced7-11-e are m a n u  closing of the turbine inlet  vsdtve, 
closing of otner assorted vaLves throughout the system and the de- 

activation of all power switehw. 
was restored the tmbine inlet valve, boi ler  i n l e t  discharge valve, 
superheater drainvalve,  and chempump by-pass valve had been closed. 
The emergency bearing supply accumulaf,ors had been supplying flow t o  
the bearings with their inventory being discharged in to  the tes% 

r i g  

, 

E?- the tbne the actual power 

Subsequent, bearing ca l ibmt iors  were conducted on the unit which 
varified that the uni t  had been successfully stopped without sus- 

taining damage 

4.3 CSU I-3A-3 Test 
Since the CSU appea-red t o  have sustained no damage due to the shut down 
of the I-3A-2 .&est it w a s  decided t o  restart the unit  as soon as possible. 
However, there were Eeveral test r i g  correc.t,iom made t o  a l leviate  sone 
problem areas which had occurred i n  the r i g  p-seviowly. 
following. 

These included the 

a. 
to 

The stand-by chempump w a s  mplacerl. 
The -Lest rEg me~e~rgr iwentory was addusted %o correc% f o r  the 
recharging of tho beart- acc&a-&szs and b replace f i e  mercuq-j 
wh9& l o s t  fPom the S v % m  rig 9lodif.fcatloa. 

e. InsulaR~on was removed from +he ~+-w?mal-b?mator unit. for obser- 
vation of poesibk l n a k  in th? t-i.-~~Mne ar-58. Lower layers of 

the fnsulstfoz appeared t o  be fr3'+ of mercury and t,he =unit was 

reiwula+%d t o  its or fg fml  thfckmw 
A w a t e r  subcooler was add& t o  t& bearing drain manifold coolant 
l i ne  e 

d. 

4.3.1 Start-Up amd Speed Climb 

A f t e r  the prepmatory wark had been completed the CSU was preheated 
and readied f o r  restart. 

hours a a r  the i n i t i a l  s h u t  down, the unit was restarted and brought 
At 06314 on 9-12-64, approxfnately 12 
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up to full sped  and power over a period of approximately 3.5 hours. 

It w a s  a t  25,000 ppm for  approxlmately one hour and at  35,000 r p m  

for a b u %  an hour. A t  full speed and turbine i n l e t  pressure the 
power output w a s  2820 w a t t s .  All three bearings returned t o  the 

same conditions at  which they were operating jus% prior  to the 

l a s t  shut down, 

shut Down 
Tfie turboalternator u n i t  had beer a t  fW3 %whine i n l e t  pressure 
and output power for  approximately 15 minutes with satisfactory 
performanse. 
alternator test r i g  connector which demagnetized the permanent 
magnet rotor and allowed the shaft speed t o  increase from 40,000 

to  approximately 49,600 rpm. Full m&nual load was applied in an 
attempt to control speed. 
from the demagnetization of the rotor decreased the capacity of the 
load bank it apparently was still possible to load the turboalternator 
suff ic ient ly  to maintain control 

Suddenly, without warning, a short  occurred in the 

Al%hou@~ the reduced voltage resulting 

After a b u t  twenty seconds of operation a t  49,600 rpn (at which time 
the manual load was applied) the speed gradually reduced to about 
k,,OOO rpm. 

included rapid accellerations and decellerations, 
the unit was stopped by actuating t h  turbine inlee solenoid valve. 
Shaft speed dropped t o  zero and bearing flows were readgusted to 
their specified values. 
down procedure but due to the confusion during shut down the closing 
of the turbine inlet valve was misinterpreted. This valve u t i l i z e s  
air pressure to close it and inadvertently the air supply laad been 
removed. 
allowing full turbine inlet pressllre t o  be exerted on the turbo- 
alternator uni t ,  Shaft speed increased rapidly and the un i t  ran 

errat ical ly .  Later examinations of the d-e recordings indieate 
fluctuations i n  shaft speed between 20,000 and 56,000 spm with the 

lb ie  was followed by a sharp decline in speed which 
Vapor flow to 

It w a s  decided t o  follow the normal shut 

lherefore this valve, which w a s  previously closed, reopened 
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upper value being limited by pen travel.  
of operation i n  th i s  mode the uni t  experienced complete rotat iom3 

stoppage. 
inlet flow was shut-off by a valve located at  the boi ler  discharg. 
A reproduction of the t ransient  data from the *cording oscillograph 
is shown i n  Figure 16 . 

A f t e r  several m i n u t e s  

Approximately three minutes after shaft; stoppage the turbine 

The following summary outlines timewise the occurances from initial 

overspeed to shaft seizure. 
first Indication of CSU performance variation u n t i l  the final boi le r  
flow was shut-off. 
the f i v e  parts. 

A total of 8 minutes elapsed from the 

This time period is conveniently divided in to  

a. Two minrtes and twenty seconds. 
The short  i n  the e l ec t r i ca l  connector occurred a t  the st& 
of this time period. 
duction in a l te rna to~ output and climb i n  speed. 

temperature of the connector shell rapidly rose t o  460- 
from i ts  normal l eve l  of 3509. 

This was evidenced by the sudden re- 
Also the 

As a P e a u l t  of the demagneC,EzsiSon the output voltage fell 
from 75 t o  40 volts. 
rotor  has about h.0 voltis remaining due e0 its residual magnetism). 

(A completely demagnetized al ternator  

Psrasitfc current dropped .to zero because the speed control 
was no longer functioning since it senses phase one which w a s  

shorted. Phase 2 total load amps f e l l  from 2 1 t o  15 amps be- 
cause the bulk of the output w a s  probably flowing through the 

short i n  phase oneo 

Turbine i n l e t  temperature and pressure (and consequently flow) 
remained constant throughout th i s  period; thus the shaft input 
power did not  change. 

lower voltage and load bank was absorbing less power. 
Since the al ternator  was producing a 
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the speed control not functioning it was necessary t.0 adj..xt 

the load bank to lo@$ to kry to return the speed to b p W C  
ppm, %is, i n  eombfmAion. w5t.h the s h o d  fi phase o m ,  gradually 
brought the speed down to normal. 

, 

Bearing flow and p m s s u ~ e s  fluctuated due to the speed changes 
but the variakions were what would be expected. Since b f ? B  

journal bearings were operating at t.De maximin availa3le e-cipply 
pressure no change in pressure was no-kd. 
in flow dfd accompany =the higher speed. 
flow dropped from 6,1 t.0 4.k ppm susd returned to 6, l  a t  a 
constarat 450 psig inlet pl.essim, The altemkr bearing 
reacted much the same m y  with a decrease from 5 to 3 ppm 
and a t o  4, all at 450 psig inlet. -% Mazing 
flow didnwt vary from it9 12 ppm level but the pressme f e l l  from 
110 to 90 and returned t o  110 psig, 

However a cleesease 

!&e t .~bfne  beayfag 

b. Thirty Seconds 

Wing this t h e  period sh- speed was very erratic with 

fluctuations between b,WO and 25,OOC rpm. 

the period speed was zero since vapor flow to the %ur%fne 
was off. The l ike ly  reason for the speed fluctuations 
was interference between +%he alternator rotor and stator. Ihe 

high temperatures gege,rated wi th in  the a l ~ ~ t o n u ,  because of 

the shorts probably caused m e l t h g  of the g l a s s  bore seal. 

housing tempratures in the vicinity of t k  a;Lterm+%o,r rose 
during this t h e  period as a d  the alterfiator C O O ~ S ~ ~  outle-C, 
temperature and the eleictf-feal comeetor shell tanperat-. 

A t  the ead of 

A l l  

Phase 2 voltage fluctuated between 0 and k0 vol-bs, p&s 2 btal 

current between 0 and 15 amps. 
to the speed chsBe;e cWactRris t ics ,  

not operating (because the short was in phase one> *e parasi t ic  
cuprent w88 constant a t  zeroo 

s e s e  variations cowt.spoaded 

With the spee.3. co11.tm1 

Bearing operation seemed to be normal during this period wfth 
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. 
the journal bearing flows rising and pressures falling as 
speed decreased. 
the pressure is more dependen% on shaft  axial positiozt than 
on speed, %he pressure increased 8s flow decreased. When the 
twboalternator speed was f n  the 25,C)OO rpm range the turbine 
bearing flow w a s  up to 12 ppan from a normal 6.1 while the 
pressure fe l l  from 450 to 420 psig, 

flow also rose to 12 ppm a t  th%s speed leve l  and pressure 
fell t o  380 psfg. 
12 ppm while presslmre tended Gc increase wfth d e e r e ~ ~ i n g  

* I n  the case of the thrwL bearilrg, where 

The alternator bearing 

ThpusP- bear%ng flow remained constant a t  

sped.  

The turbine inlet solenoid valve w w  closed s. few seconds be- 
fore the end of this t i m e  period which resulted in a rapid 
decay in turbine inlet pressure and sped. 

time period the unit was a% zero speed. 
At the end of the 

c. Thirty Seconds 
The turboalternator was a t  zero speed during %his time period 
because of the closed turbine in l e t  valve. Temperatures i n  
the turbine area started to decrease appreciably wfth the 

absence of vapor flow while the temperatures i n  the vicini ty  
of the alternator tended to continue rising gradually, the 

alternator connector shell temperature increasing from 500 

to 510.F. 

CSU punrp discharge pressure and all e lec t r ica l  output para- 
meters were zero because of the zero speed. Again there was 

no change in thrust bearing flow but the inlet  pressure rose 
to 140 psig a t  zero p p ~ l  as compsred to 115 psig a t  normal 
speeds 

a t  zero speed while the inlet pressolpe f e l l  from 420 t o  315 psig. 
Alternator beaxing flow increased 12 ppm to a value of 18.5 ppm 
a t  zero speed with supply pressure decreasing t o  190 psig 
from 380 psig. 

Whine bearing flow rose from 12 ppm to 17.4 ppm 

Because of the short time interval  involved, 
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conditions didn7t  reach equi1ibrb.m and thus no estimation of 
bearing clearances could be made at  the off-design conditions. 

A t  the  end of t h i s  time perlod the turbine inlet  valve was 

inadvertently reopened result ing i n  full turbine i n l e t  pressure 
again b f n g  supplied t o  t'ae turboalternator causing it to 
climb rapidly i n  speed. 

d. Om! Minute and 30 Seconds 
During t h i s  tlm period the u n i t  meelera+&ii from zero speed 
to  at  least 56,000 r p m  which is  the l i m i t  of the pen travel 
on the recording oseillograph. 
speed w a s  very e r ra t ic ,  fluctuating between 20,000 and 56,000 
rpm. Turbine inlet, PL~SSCLT started out a t  225 psig and 
gradually tapered off to 210 a t  a temperature of 1250 t o  1260~~. 

Throughout th i s  period the 

l?hase 2 t o t a l  current fluctuated between 0 and 10 amps and 

phase 2 voltage betweer! 0 and 46 volts.  Parasit ic cuprent 

remained a t  zero since the speed coxk~01 was not operating, 

All  three bearings reacted aharply t o  the speed fluctuations. 
Even the t h m t  bearing, which ha3 been relatively insensitive 
to previous excursions, climbed i n  inlet pressure f r o m  115 to 

195 psig.  There were some very slight fluctuations f n  flow 
but it s t i l l  remained esser t ia l ly  a t  12  ppm. 

ing flow was very er ra t ic ,  varying between 18.5 and 3.5 ppm. 

Its supply pressure climbed from 190 t o  380 and ther f e l l  t o  
60 psig. 

to the speed fluctuations and t o  adjustments by the test 
personnel attempting t o  control bearing flow. 
flow and pressure wasalso very e r ra t i c  with f low fluctuating 
17.4 and 11.2 ppm and pressure between 315 and 420 Psigo 

Alternator bear- 

The wide vaAations i n  flow and pressure were due 

Turbine bearing 

A t  the end of th i s  time period the uni t  experienced t o t a l  
shaft seizure probably resulting from the melted s t a to r  bore 



seal causing interference between the alternator rotor and 

stator which resulted i n  overloading of the alternator bearing. 
!ilkis shaft stoppage occurred even though f'ull inlet pressure 
was being exerted on the turbine. 

e. 'Ibree Millntes and Thfpty Seconds 
The tu;boalternator shaft seizure occurred a t  the start 
of this time period. 
that the turbine inlet air operated solenoid valve was dis- 

abled, 

which i ~ ~ ~ d i a t e l y  stopped vapor flow to the tupbine. 

* 

A t  the end of the period it was realized 

The boiler  discharge manual valve was then closed 

Wfth the shaft speed at zero rpm there was of course no 
package pump discharge pressure nor any alternator e lec t r ica l  
output e 

Even though 1250("F mercury vapor was s t i l l  being supplied to 
the u n i t  the alternator temperature was decreasing. 
connector shell temperature dropped to 470'F and the alternator 
coolant out le t  temperature deereased from 635°F t o  590°F. lhis 

indicates that the alternato~ bore sea l  over temperature  was 

not caused by the vapor flowing through the turbine during 

this time period. 
been caused by the high temperature generated within the 

alternator which resulted from the short i n  the e lec t r ica l  
connector . 

lhe 

Therefore the bore seal fai lure  must have 

After turbine vapor flow was ultfmately termfnated, lube flow 
was maintained to the bearings and coolant flow to the alter- 
nator coolant Jacket. 
the alternator bearfng had failed nor was it certain that the 
shsft had seized, The short  in the e lec t r i ca l  connector was 

discovered leading to the decfeion to completely shut down the 

test r ig  u n t i l  an evaluation of the condition of %he condition 
of the turboalternator could be made. Af+%er it was found that 

It was not apparent at  that t h e  that 
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the bore s e a l  had failed a-rLd the shaft was seized the uni t  
was removed f romthe  test rig, 



5.0 FAILURE ANALYSIS . 
Previous sections of t h i s  report have discussed i n  sane de ta i l  the sequence 
of events which occurred during failure of  the unit. 
dicated that the short i n  the r i g  e lectr ical  connector in i t ia ted  the fai lure  

and subsequent damElge t o  the u n i t  i s  consequential. t o  the prime fai lure  mode, 
Therefore the failure analysis w i l l  deal priraarily w i t h  determining the cause 
of the short  between phase one and neutral of the e lec t r ica l  connector. 

It has also been in- 

During the final two hundred hours of operation the turboalternator had been 
operating with the alternator rotor par t ia l ly  demagnetized. 
higher current imposed a marginal operating temperature condition on the 

e lec t r ica l  connector, This was recognized a t  the time and after careful 
evaluation of the si tuation it was decided t o  continue the test. The con- 
nector temperature was monitored continuously and up t o  the time of the 

short did not exceed the accepted rat ing of 350%. 

The resultant 

To s m r i z e  the events leading up t o  the short the following outline is  

presented: 
a. Connector History 

The r i g  side e lec t r ica l  connector used for  all Sunflower turboalter- 
nator tes t ing was a standard Deutsch Co. felnale connector, part number 
DSO7-lflS. Early in November of 1961 it was soldered in to  the compon- 
ent  r i g  wiring harness, the solder used being 9546 t i n  and 5% antimony 
which has a melting point of 450 to  460%. It successfully withstood 
a 1500 v.d.c. hi-pot test with no breakdown. The accepted rat ing of 

this connector i s  40 amps per pin (there are 7 pins) a t  sea level, 

with an operating range of -670~ to  350OF. 
of the test r i g  wiring from November of 1961 unt i l  September of 1963, 
an elapsed time of 22 months or nearly 16,000 hours. 

period it was cycled from room ambient t o  operating temperature six 
times during the various turboalternator tests ,  

This connector was part 

During this 

Based on data obtained i n  the final hours of the CSU 1-3-2 Test it 

is estimated that during normal usage the connector temperature was i n  
the 300 t o  32OoF range. 

flows through only  three w i t h  1 4  to  15 amps being carried in phases 

O f  the seven pins i n  the connector, current 
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one and two and 29 t o  21 amps f ~ t  the neutral. 
used for  a thermocouple connection and the two remaining were unused, , 

Thus the connector was actual ly  operating i n  a conservative manner 
and could reasonably ham been expected t o  last for  the balance of 

the CSU 1-3-2 endurance run were it not for  the unexpected chain of 
events during the final hours of operation, 

Two other pfns were 

bo  Off -Design Connector Operation 
A l l  but about 300 of the 6741 operational hours were a t  the condi- 
tions indicated above or a t  l e s s  severe conditions, 
CS?J 1-3-1 t e s t  the 3Lvboalternator was operated a t  above normal parer 
levels for a period of about 100 lzoups, The other 200 hours of off 
design connector operation oceixred during the final hours of endur- 
ance tes t ing of CSU 1 - 3  when the a i tesna tm rotor was operating 
par t ia l ly  demagnetized which re3uced %he initage and thus increased 
the current. 
i n  phases one an3 two and- 30 t o  31 anrps in the neutral. 
couple a63eci t o  tne connector slie1.r indicated a marginal but safe 

operating temperature of 330 t o  3509. 

During the 

The connector was then required t o  handle 21 t o  22 amps 
A thermo- 

c, FTnal Temperat-are CycLe 
The t e s t  shut down resgit ing fran %he m:micSpcLT power failure was of 
sufficient dZLT"a?1CXt T-3 a.Um the con.ectw t o  completely cool before 
the uni t  was re8ta~xeL~ 

and back t o  3 h Q F ,  

cycle may h v e  eos,%rlkir%e9 $0 the eonaectos faZlure. 

"miis the cQnnectol- cyxleb *om 3400F t o  75OF 
CondeneaTfon. or tLe rmP distortion caused by th i s  

The short i n  the :ome2tou 'vas hunej-aately apparent when the turboalternator 

was examined a t  the t i m e  of failure, The siFieone rubber Insulator in the con- 
nector was cracked and charred around the plmse one and neutral pins, These 
two pins were connected t o  =.ne another by %he fusion products of the arcing. 
When the failed connector was removed from the al ternator  connector the two 
shorted pins remained eonne-t.ed t o  the i r  mating pins on the al ternator  con- 
nector, 
process they became separated, 
on the turboalternator except for some hair l ine cracks in the glass  inser t  

A considerable force was reqwred t o  remove these two pins and i n  the 
There was no apparent danage t o  the connector 



around the two pins that were shorted; but t h i s  undoubtedly was caused by the 
,forceful removal of the mating pins, 

Visual and metallurgical examination of the connector shortly a f t e r  shut down 
suggested several possible causes of its failure which are  as  follaws: 

a. 

bo 

co 

d o  

The connector shell temperature was a t  3 5 0 9  a t  the time of the short 
and it was logical t o  suspect that the pin temperature was even higher, 
There was therefore the possibi l i ty  that the solder melting point of 
4509 could have been reached allowing the melted solder to short the 
two pins, 
T h e m  distortion caused by the final temperature cycle could have 
shifted the two pins or lead wires close enough together t o  permit 
arcing. 
Condensation result ing from the temperature cycle could have increased 
the contact resistance which i n  turn may have produced higher pin 
temperatures that could have melted the solder. 
The f inal  poss ib i l i tyxas  mechanical movement of the connector or its 
lead wires could have moved the two pins or their wires i n  close enough 
proximity to cause arcing, Deterioration of the sflicone rubber insul- 

a tor  w i t h  time could possibly have permitted this t o  happen. 

In  hopes of pin-pointing the cause of faflure a ser ies  of tes t s  were performed 
on a r i g  side connector identical  t o  the one which fai led,  
made to simulate actual operating conditions by using the same alternator con- 
nector that was on the turboalternator, heating it to the proper temperature, 
and passing the same current through it. 
with the same type solder as used i n  the original r i g  connector, 
were imbedded i n  the solder a t  each pin connector to measure the solder tempera- 

tures under operating conditions, 
mented w i t h  a themnocouple t o  measure its shel l  temperature which was controlled 
by a heater wrapped around the connector. 

An attempt was 

The r i g  connector wires were soldered 

Thennocouples 

~ 

~ 

!ke alternator side connector was instru- 

1 
Using the set-up j u s t  described the connector was operated a t  various power 

I levels  and connector shell temperatures; same, more severe than those existing 

79 



a t  the time of the failure.  
t e s t s  was 2 8 9 0 ~ ~  far belaw the melting point of the solder. 
that these tests did not accurately simulate achjal. CSU tes t  conditions so a 

new connector, identical  t o  the one that was on CSU 

The highest pin temperature reached during these 

It was decided , 

w a s  obtained, 

The new CSU connector had a full lead tube connected t o  it so that it could 
be properly heated for more accurate simulation of actual test conditions, 
se r ies  of t e s t s  was run w i t h  th fs  ne% couneetor and this time t'ne pin tempera- 

ture climbed as high as 390°F but t h i s  was a t  a higher than normal power level 
and a connector she l l  temperature appreciably higher than normal. Analysis of 

the data indicated that, a t  the connector temperatures which existed a t  the 
time of failure, the average pin temperatwe was s1ight.ly over 290°F, 
summary of the connector test  results is given i r i  F f p c e  17. 

A 

A 

Since th i s  pin temperature could not have melted the solder the other possible 
causes of fa i lure  were investigated, Contact resfe-tance of the f a i l ea  con- 
nector assembiy and of the new connectm assembly was measured and found t o  
be qulte low and of the same order of magnitude. 

ra i se  the contact resistance of the new connector by damaging the pin surfaces 
did not cause it t o  increase, The assembly was retested t o  see if any of t h i s  
'had ac effect on the pin  tqemperaluie at qeraking  condfttons, 
were the same as for the pre-sious test and the pin +,empera?xre of the "damaged" 
corrdition was not measura3Zy difY"e-ect th .n  the other two. 

Even deli%erate attempts t o  

The resu l t s  

One other possible cazlse of f-silixe, mo.)'emer,t, of fhe connec%or or its lead 
wires, was investfgated. 
w i t h  the same type solder as csed on the fa2led connector. 
ture cycled during th i s  test  series at, l e a s t  as many times as the failed con- 
nector and, except for  during +,he CSU fa i lure ,  was subjected t o  higher tempera- 
ture, Therefore, aside *om operatfonal l i f e  consideratrons, the connector 
used i n  t h i s  t e s t  ser ies  had wfthqtood treatment a t  least as rigorous as the 

fa i led  connector, It s t i l l  vod.4 not fail even when the lead wires were force- 
fully moved from side while it was carrying f'-i.U current. However, cine fact  
w a s  brought out during metallurgical examination coneerxing the type solder 

A;; pres ourly indicated the connector was soldered 
Also it was tempera- 
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that was used, 
of copper and solder results i n  the formation of b r i t t l e  copper-tin com- 

pounds, 

ment, This condition becomes more severe with t h e  and could not be simu- 
la ted with the new connector. 

When the jo in t  temperature exceeds 250°F, mutual diff'usion 

i 

The joint becomes b r i t t l e  and may f a i l  i f  E t  is subjected t o  move- 

Bssed on the results of  the connector t e s t s  described above it would appear 
that t'nc fa i led connector should not have shorted out as I t  did, But the 
fac t  that it did f a i l l e a d s  t o  the conclusion t h a t  the test series did not 
accurately simulate the actual turboaltermtsor t e s t  conditionso 

Because of the questionable areas regarding these csxxector tests it is fm- 
possible t o  pin point the cause of the connector fa i lure  with rea l  certainty. 
!6re 'ihan l i ke ly  it was a combfnazdorr of thiilga, sack as a mechanical movement 
of the lead wires (which c o d d  ha-are occurre'? 3zr ing  the shut down prior t o  
l as t  r m >  and then some thermal dnstortion occurring & r i n g  reheat. 
could have placed the two leads i n  close enough prgltfmity t o  have permitted 
arcing, especially i f  the si l icone rubber insulator had deteriorated with 
time. 
a connector failure. 

This 

I n  any event precautions will be taken t o  prevelit future recurrence of 
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. 
6,O CSU PAcKAeE AND CCMPOl4E3lT CmERATIcPzAL W C E  

The CSU 1-9 package performince was good far the conditions of operation 
re la t ive  t o  its design specifications. 
colnplete attainment of design performance during the period of time when 

turbine deposits Were nat a factor. This section evaluates overall CSU 

performance as well as CSU subcomponent perfarmance under conditions of 
operation. 
corrective action t o  eliminate problems and obtain design performance. 

4 

However, several problems prevented 

A -her objective of this section is t o  point up necessary 

6.1 CSU Package Performance 
Overall CSU package performance varied t o  a certain extent during the 

4 ~ 8  hours of operation mainly because of first stage nozzle blockage 
and rotor d r a g  due t o  l iquid mercury in the alternator rotor cavity. 
Therefore overall package performance will be evaluated for the period 

of 3000 t o  $00 hours of CSU 1-3-2 test, 
drain flaw was nut eliminated but wa6 i n  general minimized and, based 

on post-teat nozzle area measurements,the first stage nozzle was not 
restricted.  Average output power was 2850 watts. !The factors which 
controlled overall perfarmsnee are listed below: 

During t h i s  period the cavity 

a )  The turbine first stage nozzle throat axe8 was measured by 
controlled nitrogen flaw-pressure t e s t s  t o  be -0267 in2 can- 

pared t o  the design throat area of -0293 in2. 
turbine vapor flow being 
The l iquid screw seal between the alternatar rotor and janrnal 
bearing permitted leakage of liquid mercury into the alternator 
rotor cavity. 
fur this unit. 
!hrbine inlet temperature ( a t  nozzle entrance) was deteriorated 

re la t ive  t o  the controlled 1250°F Inlet strean because of excess 
heat loss *om the 360" inlet collector scrol l .  

posed roughly eight t o  ten time the heat t ransfer  mea between 
turbine inlet flange and nozzle entrance canpared t o  the original 
direct  entry design. This not only reduced nozzle in l e t  enthalpy 
(ideal. available power) but 00 is suspected of causing greater 
moisture drag losses9 especially i n  the second and third stage 

This resulted i n  
law at design nozzle inlet pressure. 

b )  

The effects of this leakage have been evaluated 

c )  

The sc ro l l  ex- 
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During the t i m e  period select& t o  evalmte package performance, the 
following operating conditions existed: 

Speed 40,000 rpm 
Turbine Inlet Pressure 225 psig  

Turbine Inlet Tempo 1250'F 
Turbine Exhaust Pressure 7.0 ps ia  

Turbine Exha~st Terripe tC5"F 
Alternator Cavity Drain FLOW .C6 ppq 

Iveeasmed &l.teraat. w outpuk pover 2850 cmt+s (includes w a t t -  
rieter c o r r e c t f a )  

To determine the alternator m t p m  pover the t W b O a J - t e r I I . a t G r  would 
p r o d x e  i f  it weren't f m  items 6, b, and c abo-re, it is necessriPg 

t o  cczlculate the twbiEe autput pwer.  

follming relat iortshl-, : 

This w a s  done using the 

Bearin@; power is 600 watts t o t a l  and pun? power is 230 watts (from 

component test data). 
natm cav i ty  is 235 mtts :for zero leakage) from Figure 14, 

Shaft drag due t o  seal  leakage in to  the alter- 
There- 

fore ps = 500 + 23c -+ 255 = aistts. 
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. 
Since the first stage nozzle is 

output power with the throat area corrected t o  design would be 
4385/.91 = L820 watts. 
w o u l d  be zero which reduces Ps t o  830 watts. The turbine housing 
heater has minimized the effect  of heat loss from the in l e t  sco l l  

(item c). 
unit  is as follows : 

undersize (item a) the  turbine 

Shaft drag due t o  seal  leakage (item b )  

Therefore the projected output power of the turboalternator 

Pa = 3\ a (Pt - P s )  = .86 (4&0 - 830) 
Pa = $30 watts pragected mtput 

This value agrees reasonably w e l l  with the progected output of 
CSU 1-3 which was 3560 watts and the projected output of CSU I-lA 
which was $90 watts. 

6.2 Turbine Perfarmance 
The throat meas of t h e  nozzles used in CSU 1 - 3  were all less than 

design; first stage gl$, second stage #$, and the th i rd  stage 93.s  of 
design. 
no correction concerning efficiency had t o  be applied because of t h i s  

deviation. Thus the efficiency could be calculated direct ly  f r m t h e  

basic relationship 

Since all three were about the same re la t ive  t o  design Valu;es 

Pa/’ a =3\t  w H - P~ 
where Pa = alternator output parer = 2850 watts 

?a = aternator efficiency = €K$ 
r\t = turbine efficiency 

w x DlcTCzlly Vapm weight flow 
w = 91% of design = 12.45 ppm 

= inltt enthalpy = 161.7 btu/lb. 
= discharge enthalpy = 121.0 btu/lb. 

Hin 
Hout 

H = 161.7 - 121.0 = 40.7 btu/lb. 

P, = 1065 watts 
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2850 + 1065 
Pa/Na T Ps - x??- - x .057 yt  = w x  -i.-l-- .-. 12.45 x 40.7 

This value for  turbine efficieacy is  s l ight ly  lower than the design 
value of 5l$ hut t h i s  can be attribut.ed to several factors. 
assumptions used i n  the parasi t ic  s h d t  loss (Ps) evaluation were all 

considered i n  a conservative m e r .  
effect  i n  the first stage in le t  collector on both t o t a l  ideal enthalpy 
drop and possible moisture drag i n  t he  twbine wrs: nut considered i n  the 
efficiency determination, 

The 

Ru-thermore, the heat transfer 

General conclusions from the CSG Y - 9  test related t~ turbine performance 

6.3 Alternator Pcrfrs?-m&cc 

Alternator e lec t r ica l  performance during the tu rbad tema to r  test is  best 

described i n  terms of its invobvsnent wffh other cmpments in the e lec t r ica l  
circuit .  
network. 

Figure 18 is  a schematic d r a w i n g  of the test r i g  e lec t r ica l  
The capacitors prcnrfde p r 3 t t c t i x s  against short c i rcui t  
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demagnetizing of the permarLent magnet rcdor which could cause loss of 
load cmryizg ab i l i t y  and scbsequeat m2t nwerspeed, 

load speed control senses alternator freq3ency and regulates i t s  own 
load resistance such that  the t o t a l  load (including the simulated 
load.) controls speed t o  a constant valu?. 
manually adjustable t o  o3tai-n any desired fixed load i n  the range of 
operation. 
formance i n  terms of related Eircuit components. 
6.3.1 Genera 

The parasi t ic  

The simulated load is 

The folkwing paragraphs geieral ly  describe e lec t r ica l  per- 

The alternator e lec t r ica l  c h m x t e r i s t i c s ,  as measure from sGb- 

component dynamometer tests are sham in  Figure 19. This figure 

is typical  of the eagincering data developed for  each alternator 
stator a d  is  the S r m  information used i n  the turbine efficiency 
calculations. C u r i n g  the CSU tes-l at iiesign s p e d  of 
40,000 q m ,  the a l ternatsr  pro?~.seC. xcrious parer octputs r,mging 
f m m  1000 t o  3000 mkts at the  caapacitap outqut terminals, depend- 
ing on the  tw3?fr;.o operating point. The voltage output was 

i n i t i a l l y  114 v5Lh {phase 1) 
t c s  ne- i t rd .  For ;nest, c.f tne tes t?  the average powsr factor was 

akout; O o 9  Lagging for the t-m phases. 
betweep phasm biz5 'gas probably &&? t c  frequency instr>mentation 
arid speed. c.,srit,rsl s ensbg  c%-;.e-~.%l;s which were all on the same 
phase. 

c i rcur t ;  elernexba ,r including ?he alt erim.t,3y" ,n since the simulated 

U1 vclts (phase 2 )  wfth respect 

A sl ight  differeoce existed 

T%e Lagging chwsaterfs t ic  was a. fmct",n of the combined 

1033 was always kept rzs:isti.cr.3 D 

6.3.2 Alteriat 01- ---- 
The ~%&or p o r t i m  of the d t e r a a t o r  v a s  used i n  the CSU 1-3 2350 

h v i - s  endwai-~ce rim an2 was rzused i n  CSU Z-3A withoQt rework. 
it thus scCi.ixmlated a t o t a l  crf 6676 hours of operation with all 
b-zt the last 3OO at, a- vzry nemg C a i g n  level. As explained 

eszlier ir this Pepor?; the pel-mz=lent magnet rotor was inadvertently 
p a T t i 3 L y  iLemgx'tized 53 a &vel  of 70 volts ne= tke end of 
the CSU 1-3A-2 test, 
the output pcwer was re&cced about 53 w a t t s  which indicates a de- 

Crease i n  efficiency fyom 86$ t o  &$. 

Wlth the ta-bine operating at design conditions 
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FIGURE 19 
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A slight bare seal  leak developed during the CSU 1-3 t es t ing  
so the normal precaution of maintaining a positive internal 

pressure in  the stator w a s  taken during the CSU 1 - 3  test. 
Up un t i l  the f inal  failure, when the  glass bore seal  melted, 
there was no positive indication that the leak became more 
severe. 

Post-test inspection and metallurgical analysis of the 
alternator rotor disclosed a growth at the center of .005 in. i n  
diameter. Three cracks i n  the rotor magnet were also discovered. 
This growth and the cracks in the -net have been at t r ibuted 

mainly t o  creep and past ia l ly  t o  the overspeed just  prior t o  
shaft seizure. Alternator performance appeared t o  be un- 
affected by these o c ~ u r r e n c t ~ .  

6 . 5  4 Speed Controller 
The speed control used duping th i s  t e s t  was a console model 
w i t h  c i rcui t ry  s i m i l a r  t o  the more compact prototype controller. 
Zt performed excellently, as evidenced by the extremely steady 
speed in&ication (+ 1 cps in  2000) and no requirement for  drift 

adJustmcnt op any other adjustments or repairs throughout the 
test, 
t h i s  test displayed characterist ics which may be of interest  
i n  the design considerations for prototype speed controllers of 
t h i s  type. First, in changing the simulated load at constant 
alternator power output, a change in load voltage and current 
can be observed which suggests that the speed control reactance 
may vary samewhat over or within its range of operation. 
degree and extent of t h i s  effect  has not been measured but data 

is obtainable if  needed, 

- 

On the other hand, the t o t a l  e l ec t r i c s l  c i rcui t ry  i n  

The 

A second effect n&ed was a current ins tab i l i ty  o f _ +  2 t o  3 amps, 
w i t h  a frequency of 5 t o  10 cps for at leas t  two dis t inct  speed 
control power points. The ins tab i l i ty  i n  each cause was easi ly  
removed by adjusting the simulated load t o  e i ther  increase or 
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decrease parasi t ic  power very sUgRtly, 
the speed control power ranges in  wfiich i n s t ab i l i t y  occurred 
were very narrow ( less  than & 25 watts). The condition does 

not occur in alternator - speed control bench tests using a 
similar e lec t r i ca l  network, either with or without the capacitors, 
However, the bench tests used a dynamameter drive rather than 
a mercury turbine. Also, ins tab i l i t i es  do not occur when a 
calibration power supply output is  fed into the controller 
i n  place of the CSU output, either with or without the 

capacitors. 
nator reactance OF shaft dynamics. 
the ins tab i l i ty  apparently represents a resonance involving not 
only electr ic& characteristics of the c i rcu i t  components but also 
mechanical (rotational)  dynamfcs of the @SU shaft. 

In other words, 

Again, the parer supply did not simulate alter- 
Based on these observations, 

6.4 Meremy pump Performance 
The CSU 1-9 pump hydraulic performance appeared very good at the 
outset of tes t ing snd did not ehange during the CSU 1-9-1 test. 
Shortly after the start of CSU I-3A-2 test a deterioration of approxi- 
mately '$ of the outlet  pressure at a given flow was noted. 
operating at these conditions for about 300 horns the pressure graduaXLy 
rose t o  i t s  original l eve l  where it remained for the balance of the 
t e s t  

After 

There was not real explanation for th i s  variation i n  perfarmsnee aside 
R.am the possibi l i ty  of p a r t i d  blocking of the jet nozzle. When the 

unit w a s  disassembled corrosion praduets were found t o  have parti- 
closed the nozzle opening. 
very eas i ly  removed. 

nozzle inlet f i l ter  and these were 8280 easf ly  flushed out. 
check of the f i l ter  indicated a negligible pressure drop at i ts  design 
flow. 

par t ia l ly  blocked with subsequent clewing causing the pump performance 
variations. 

pressure taps downstream of the Jet nozzle which will measure jet nozzle 
perf omance 

These deposits were soft, however, and were 
Similar cmosion  products were found in tne j e t  

A flow 

It is possiliLe that  during operation the nozzle could have becane 

In an attempt t o  answer this  question, future units have 
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Pump performance calibrations early i n  the CSU 1-9-1 t e s t  indicated 
that the pump exceeded desi@ specifications at i ts  normal i n l e t  pressure 

of 5.0 psia and that  it would meet performance at the minimum inlet 
3.5 psia. See Figure 13 for a typical  calibration curve for this pump. 

As described in  Section 7.1, paragraph e., the impeller experienced 
erosion a& cavitation damage on the  face of the pump and on the low 
pressure side of the blades. However, i n  spi te  of the damage noted 
there was no performance degradation during !the t e s t  run. 

.. , c.amna.rizing pump performance : 

CSU 1-3 pump performance w a s  apparently compromised at 
certain times by par t i a l  res t r ic t ion  of the jet nozzle or 
f i l ter  e 

CSU 1-3 pump performance waa equal t o  original experimental 
performance for t h i s  pump design. 
Minimum suction pressure at which design performance could 
be m e t  was determined t o  be 3.5 psia as compared t o  a 
minimum -1 g specification of 3.4 psis ,  

Design changes fncorpmated in  l a t e r  uni ts  t o  improve performance and 
reduce erosion are as follows: 

a) Modff+xk.isn of impeller blade prof i le  t o  better match the 
ideal curvature, which is  more complex than the single radius 
curvature used in CSU 1-9. This modification is  aimed at re- 
ducing or eliminating cavitation erosion i n  the impeller 
face 0 

b) Increasing the number of impeller back vanes. This change 
w i l l  reduce back face leakage due t o  a better dynamic seal 
which w i l l  decrease t o t a l  impeller flow for a given useful 
flow. 
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6.5 Bearing Performance 
4 Bearing f i ts  and clearances were established from the& stress  

cmputer analyses of both the turbfne and alternator bearing structures 
i n  combination with thermal maps and resul ts  of previous turboalternator 
tests. 
operating (hot) clearances would  be i n  the range of .WlO t o  .0012 
inches diametral. 
w o u l d  eliminate h d f  speed whirl and yet not be so s a l  that 

alignment problems would  resul t .  
t o  the point where nearly perfect bearing dignment could be achieved. 

The basic desire w a s  t o  machine bearing clearances such that 

It was expected that t h i s  operating clearance 

Assembly techniques had progressed 

Based on the resul ts  of the CSU 1-3 test, the CSU 9 - 9  d-bernator bear- 
ing was expected t o  increase .OOO2 t o  .0003 inches from room tem- 

perature machined clearance t o  hot operating clearance. It was there- 
fore machined t o  a .oOgO inch diametral elearaxe. Operating clearance 

during the major portion of CSU I-3A testing was .0011to . O O l l 5  inches 
which was very nearly the expected value, 

Turbine bearing clearance was expected t o  decrease .0002 t o  -0003 
inches from s t a t i c  roan temperature t o  hot operating conditions. 
CSU I - S t u r b i n e  beezing clearance was therefore machined t o  .00125 

t o  .00135 inches diametral. 

clouded by a f i l m  tha t  formed on the bewing Journal which made the 
clearance appear t o  be smaller than it actually was, 

operating clearance was i n i t i a l l y  .0011 inches and t h i s  value agreed 

with the expected value. 

The 

Hot operating clearance d e t e d n a t i m s  w e r e  

However, hot. 

The thrust  bearing total axial  clearance and ruts t ing amular m i f i c e  
clearance were established frm CSU 1-3 testing. 
were reduced i n  CSU 1 - 9  t o  lower the thrust  bearing f l a w  required t o  
maintain adequate pressure. A x i a l  clearance was reduced from .OOlO5 
t o  . m 8 5  inches but t h i s  did not sigdr ' icantly change the bearfng"s 

flow pressure relationship. 
a t  140 psig while f m  CSU 1 - 3  it was I2 ppm at 105 psig. 
thrust  bearing w a s  used in  both units and i n  both eases bearing per- 

€3035 of these c learaxes  

CSU 1-3 thrust bearing flcw was 15 ppm 

The same 
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formance was excellent. 
excellent condition at disassembly after a t o t a l  operating time of 
6676 hours. 

As previously mentioned t h i s  bearing was i n  

H a l f  speed whirl was present far approxFmately the first 100 hours 
of both the CSU 1-9-1 and CSU 1-9-2 tests. During these stabi l izat ion 

periods the diametral clearances of both journal. were somewhat higher 
than their  nominal values during the t e s t s .  Once the clearances stablized 

there was no evidence of bearing w h i r l .  

Turbine bearing clearance had a continUaa. tendency t o  decrease throughout 
the two long CSU 1-3 test runs. 
assembled a f t e r  the CSU I-3A-1 test run a black powdery fi lm was found on 
the journal. 
was the sam? as at assembly. 
present and again was easi ly  removed. 
clearance was identical  t o  the original mschined clearance a f t e r  4 p 8  
hours of operation, 
aside from causing an apparent decrease in  diametral clearance. 
s tant  lube flow was maintained throughout the t e s t e  and the condition of 
the turbine bearing was excellent at disassembly so there is every 
indication that the bearing would have survived the test objective of 
one years operation. 
of the fi lm on the bearing. 

When the unit  was parlal ly  dis- 

This fi lm was easi ly  removed and the measured clearance 
A t  final disassembly this film was again 

The f i n a l  measured diametral 

This film did not affect  the operation of the bearing 
A con- 

See section 9.2 for  a metallurgical analysis 

Bearing performance conclusions are as follows: 

All three bearings operated sa t i s fac tor i ly  throughout the 
CSU I-% tes t ing despite close operating clearances and the 

presence of significant shaft fundamental vibration. 
The reduced journa3 bearing diametral clearance established 
for this  unit  successfully eliminated half speed W h i r l  without 
introducing bearing alignment problems. 
ThPust bearing load performance was more than adequate with 

100 psig lube supply pressure. 
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No basic bearing design changes or bearing parametric changes are pre- 
sently planned for ei ther  the journals or thrust  bearing. However, there 
are  existing modifications t o  the t h ? e  sector bearing design which would 

provide whirl s t ab i l i t y  at larger operating clearances. 
clearances are beneficial re la t ive t o  bearing alignment and lube 
f i l t r a t i o n  requirement s . 
load carrying capacity and sensi t ivi ty  t o  other factors YDUld med 
further evalua.t;icm. Such an evaluation is  recamended ei ther  011 a 
subcomponent basis or as an integral  p a r t  of a CSU test t o  provide 

greater depth i n  bearing technology and application. 

.( 

Larger 

Hawever .9 the influence of modifications on 

6.6 Screw seal 

A screw pump seal  is used between the alternatar journal bearing and 

the alternator rotor t o  prevent entry of lube drain l iquid into the 
alternator rotor cavity. 
naninal bearing drain pressures far speeds up t o  about 30,OOo rpm. 
But, above 30,OOO rpm and s p e c i f i c a l l y  at the design speed of 40,000 

rpm, the seal allows l iquid Hg t o  le& i n to  the rotor cavity. 
leakage has several detrimental effects: 

Indications are tha t  t h i s  seal works at 

Thfs 

a )  It consumes excess shaft power not only by drag on the 
alternator rotor but also within the seal itself because 
of an improper liquid-vapor interface. 

It r e m o v e s  heat from the alternator which contributes t o  
adverse alternator axial temperature gradients, 
It causes rotor erosion and may have been responsible for a 

smaJl crack i n  the alternator statar glass bore seal. 
It necessarily passes cnrt the alternator cavity drain (which 

was provided for ncaninal rotor cavity condensation) and 
into the turbine exhaust. 
exhaust could upset or compromise balance and operation of 
the pro+otype ccndenser. In the CSU 1-3 t e s t ,  because cf 

the drain flcw measurement arrangement, t h i s  f l o w  did not 
drain intc; the turbine exhaust line. 

b )  

c )  

d )  

An excess of l iquid flow into the 
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In addition t o  the above problems, the screw pump seal has been found 
t o  l e a k  seriously (over 4 lbjmin) when maximum drain pressures were 

imposed. 
exhaust pressure referenced drains and a 6 psi  elevation i n  drain pressure 
was nearly 500 watts because of' drag i n  the screw seal and on the rotor. 
The above observations have lead t o  a review of the seal  requirements 
versus operational performance as related t o  i t s  design. As a result, 

a new seal has been designed and found t o  meet the requirements on the 
basis of subcomponent testing. 
lead. thread i n  the I.D. of the stationary member, with a smooth 
cylindrical mating section on the shaft. 

single lead thread ( i n  CSU 1-3) on the shaft  with a smooth cylindrical 
stationary member. 

P 

The equivalent alternator output power loss between nominal 

The n e w  seal incorporates a m u l t i -  

The original seal used a 
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7 00 POST TEST TURBOALTERNA?IOR FIAEDWARE CONDITION 

Shortly a f t e r  the fa i lure  of the turboalternator it was removed from the test 

r i g  for disassembly purposes. ppfor to  removalP however, two prelfninapy in- 
vestigations were made. 
removed so that an attempt could be mde Lo rotate  %he shaf t  manually, 

cation of a considerable amount of torque fa i led  t o  move it. 
bleed down test was =de on the alternator stator to determine the conat ion  
of the al ternator  bore seal. It WBS found to have a severe leak. 

The access plug in the turbine end of the uni t  was 
Appli- 

Also a pressure 

The following is a deser5ption of the mrious turboalternator cmponents as 
they were found at. d5sassembly of the unit. 

701 Shaft 
The shaft was bound up in the unit during the disassembly even a f t e r  re- 
moval of all turbine wheels and nozzles. A st raight  applied force on the 
turbine locking nut was successful in extracting the shaft frm the Ut. 

Fig. 20 shows unit  as removed i n  disassembly, 
the shaft had contacted the alternator bore seal durfng rotation and tha t  

upon seizure of the shaft the altermator bearing Journal had welded it- 
se l f  t o  the bearing bushing, The diameter on which the journal sleeve 
had been shrunk did not show that  any re lat ive motion had occurred be- 
tween the shaft and the sleeve. An axial crack could be seen i n  the 
bearing sleeve. 
three places so it would collapse, 

components are as follavs: 
a, AlternatorBearfng 

- 

It was then apparent that 

To remove this sleeve ft was n e c e s m  t o  elox it fn 
Descriptions of ‘the various shaft 

It would be difficult t o  assess the condition of the al ternator  
bearing ju s t  p~fo,- t o  the Cszi failure because of the gall ing and 
weldfig result ing *om the seizure. 
Journal sleeve is in excellent condftion, 
of the crack in the sleeve i n s c a t e s  that the crack does not appear 
t o  be associated with the seizure of the bearing. 
over nine months of opemthg time, 
of the sleeve after removal from the bushfrg, 

However the thrust face of the 

Metallurgical exanfination 

The bushfng had 
See Fig, 21 for  a photograph 
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~JNFLoiu’ER CSU I-3A ALTERNATOR BSARING SLtiZWE AFmR 4328 HOURS OPERATION 
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bo  Turbine Bearlng 
The turbine bearing bushing and journal sleeve are both i n  very 
good condition, 

f i l m  ev-ldent?, 
of chromium and tungsten, 
of the bearing sleeve which appears t o  be a slight rub or burnish. 
It is about 1/8" wide and extends about 1/4 of the way around and 
most l i ke ly  occurred during the final revolution. 
ings a re  evident i n  the bushing. 
lng indicate that no wear has taken place i n  approximately 

months of operation. 
graph of the shaft (Fig, 20 ) and the bushing (Fig, 22 ) 

The thrust  bearing stationary member (Fig. 2 3 )  was found t o  be f n  
excellent condition. 
component which had operated for  over nine months. 
of corrosion product (approxhately ,0002 in.) collected fn  the 
spiral  g;pooves but t h i s  accumulation did not a f fec t  the performance 
of t h i s  bearing. The surface of the thrust  washer was i n  excellent 
condition, This component had a l so  accumulated over nine months of 
operating time , 

1 

Both surfaces a re  darkened i n  color with a th in  
This film i s  mainly iron with appreciable amounts 

There i s  one area on the turbine side 

Similar mark- 
Dimensional checks of the bear- 

6 
The bearing sleeve can be seen i n  the photo- 

C. Thrust Bearing 

No dimensional changes were noted on this 

A small amount 

do Alternator Rotor 
Melted glass from the s ta tor  bore sea l  was distributed over most 
of the rotor skink canc 
tke rotor and s ta tor  which led t o  the shaft seizure, The rubbing 
appears t o  have taken place over approximately l/3 of the swface 
area closest t.c the alternator bearing (Fig, 20 ). Dimensionally 
the alternator rotor shrink can grew .001 in. a t  either end and 
oO05 in ,  dfametrally In the center, The actual pre-test clearance 
indicates ,012 in. diametral clearance was available before con- 

tac t  would be made with the al ternator  s ta tor ,  
s k i n k  can disclosed three axial cracks i n  the rotor  magnet, two 
of which ran the length of the magnet and the th i rd  one a t  l e a s t  
1/3 of the length, 

This melted glass caused rubbing between 

Removal of the 

Radial cracks were a l so  visible i n  the center 
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SUNFLOWER CSU I-3A THRUST BEARING AFTER 6676 HOURS OPERATION 
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section of the magnet, 
same shape as the shrink can, fee ,  it g r e w  several thousandths in 

diameter a t  the center. 

The magnet has assumed approximtely the 

e. Mercury plrmp 

The mercury pump bnpeller shows similar type of erosion ana cas- 
tat ion damage as was experienced in  the 23m hour run fi 1962, 
There was implosion damage on the high pressure side of the blade 

immediately after the f l o w  fs turned and directed along the blade 

contour, Apmently,  formations of law pressure areas are pre- 
valent i n  this area. 

not on the blades. 
side or back side of the blade along a length approximately 1/4 
of the blade length. Penetrations of approximately 4 t o  5 m i l s  

are evident, 
severe m e t a l  removal *am all blades, the resu l t  being "jagged" 
edges on the entrance of the vane, Me- removal is in the order 
of .O25", 

darnage described, 
curvature w i t h  a considerable mfsmatch of theoretical  entrance 
angle due to fabrication cornpramfses- However, in sp i te  of the 
damage noted there was no p e r f o m c e  degradation during the test 

The W g e  appears on the face of the p w p  

Huwever, erosion is noted on the l o w  pressure 

Also, the eye of the impeller has experienced 

F'igure 24 is a photograph of the fmpeller showing the 
This particular pump is the single radius blade 

run. 
f, First Stage Turbfne Wheel 

The first stage turbine wheel (Fig, 25 

amount of damage, During the final, or possibly the final f e w  

revolutions of the unit, contact was made between the turbine 
wheel intermediate ring and the semnd stage nozzle resulting i n  

discoloration and metal galling. 
mediate ring, along with the blades and 0.D- shroud ring, t o  be 

displaced approximately 1/32 of an inch tuward the second s t a g e  

wheel. The shroud ring of this wheel was loose wfth inspection 
indicating a d iamet ra l  growth of A04 inches from the cold pre- 
test measurement. 
in good condition w i t h  negligible erosion damage present, 

sustafned a significant 

This also caused the i n t e ~ -  

The first stage turbine blading appears t o  be 
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SUNFLOWER CSU I-3A MERCURY PUMP IMPELIXR AFTER 4328 HOURS OPEBATION 

FIGURE 24 
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g. Second Stage Tmbine Wheel 

The seconT3. stage turbine wheel i s  generally i n  good condition. 
HOweTrer, t h e r e  was an increase of ,0006 t3 ,0014 inches i n  out- 
side diameter and some s l igh t  erosion of the t r a i l i ng  edtes 
(fig. 26 
the wheel. 

* 

Also some s l igh t  deposition was noted throughout 

h. Third Stage Turbine Wheel 
The th i r6  stage wheel shows s l igh t  erosion on the leading edge. 
The erosion i s  more pronounced than on ei ther  of the first two 
stages as would be expected from the higher moisture content a t  
this point i n  the turbine. Also, discrete par t ic les  are observed 
t o  be missing on a few blades as i f  strlsrck by a bard surface or  
merclt-y droplets causing a "chunk1' t o  be dislodged from inlet 

side. 

b l j  be removal. of f e r r i t i c  stringers present i n  the material. 

TQis parS.fcviiar twbine wheel shows less erosion during i ts  6 
mon-chs cf operatLos than d i d  the preslous turbine after 2348 
?-G;,.~s of exposwe 

T L i s  car1 be seen i n  Fig. 27 e The part ic les  m i g h t  possi- 

The turhlne ",-il.et3 housing appears t o  be i n  good 2orldition. 
amo-mt 01' - a* roshn  p..wdu.at w a s  present on the vanes of the first 
smge ncczzle ani OG the upper and lower faces of the housing as s h m  

i n  Fig.. 2 e  . 
ir, cne 2348 hour run were found. 

nozzle testa indicate t h a t  no change i n  first stage nozzle area 

oectirreii during the 4325 hours of testing, 
same as the original measurement, The fac t  that this nozzle has re- 
maired clean for approximately twice as long fn  the same test  r i g  can 
be attr ibuted t o  two factors: 
a, The maintenance of 50 watts of heater parer on the 360' inlet  

scroli which reduced condensation and thus corrosion i n  that area. 

Mofifications made i n  the t e s t  r i g  vapor section. 

A small 

However, no corrosion pro3ucts of the type encountered 
I n  f ac t  post-test cold gas turbine 

The final area was the 

b. 

Some erosion can be seen in the housing above the bearing. 
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SUNFLOWER CSU I-3A THIRD STAGE TURBINE WHEEL I N L F T  SIDE AFTER 4328 HOURS OPERATION 

FIGURE 27 



SLTNFLOWZB csu 1-34 FIRST STAGE TURBINE NO= DISCXARGE SDE AFTER 4323 HOURS OPERATION 

F I G W  28 
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7.3 Second Stage Nozzle 
The second stage nozzle sustained. scime damage, Vie most notable 
being the result of %he contact, between the first stage wheel and 

th i s  nozzle, Elmensional inspection indicates an out of square- 
ness of ,012 hches 'between the inner r ing and t.he outside diameter. 
This cocking of tbe inner ring is w b t  has the appearance of a crack 
i n  Fig. 29 , 
wher; contact was mae, probably during the last f e w  revolutions, 
Two erosion grooves are e:ddent ia the inside diameter, one near the 
e5ge and. one near the bladeso 
s is tent  w i t h  the wihth of %he second stage wheel, 
was present a t  that iczation and was centrifugally tbown against 
the nozzle causing the erosion noted, Gold gas nozzie tests appear 
t o  indicate a 4 t o  5 percent reduction i n  throat areao Leposits on 

the bides wMeh are evident microsop%@dly could account for  t h i s ,  

b 

The imeT ring was discolol-ed and the surface galled 

Tne spacing of these grooves is con- 

Apparently l iqu id  

7.4 Third Stage Nozzle 
m e  t u r d  stage nozzle i s  ic good condition except for the sdi;c *..ypt 

of erosion goo-es  i n  the inside d lmetes  as were found i n  the szcond 

stage nozzle, Also some deposit is clear ly  evident a t  the bottom i n  

the direction of gravity indicating perhaps a f loat ing of corrosion 

product on l iquid wUch remained trapped i n  that area (see photograph 

f i g ,  30 P o  
thpoat area i n c c a t e a  by the post-lest cola gas nozzle tests, 

the original passages in this nozzle were blocked, by pins to obtain 
the prcper throat area, 

ed in the blind passages around these pins, 

TMS would a l s o  explain a L t o  5 percent reducticn i n  

Six of 

No substantial ciepst ts  appear t o  be collect-  

7 5 Alternator Satm 

Trae a l ternator  s ta tor  was remcwed w i t h  ease *om the &ternatox- 
housing and sustaineti no damage asiae f p a m  the melted glass bore seal, 

It was thfs melted glass wEeh cause3 interference between the rot-ox 
as3 stator and ultfmatoe shaft seizuTe. 
stator appears to be "bubbLy" i n  nature ana pock markedo 

The turbine and poP%ion sf the 

3Ygu-e 31 
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SLWLOWXR CSLJ I - 3 A  SECOND STAGE T'XBINE NOZZLE IXm SIDE AFTER 4329 HOURS OPEEATION 

FIGUXE 29 
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SUNFLOWER CSU I -3A THlRD STAGE TURBINE NOZZLE DISCHARGE SIDE AFTER 4328 HOURS OPERATION 

F I G W  30 
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SUNFLOWER CSU I - 3 A  ALTEXNATOR STAT’JR E m 3  AFT= E576 H3’JFtS OPEWTION 

FIGiJSRG 31 
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8.0 

7.6 &wings 
C;erlcraEZy the kious-mgs a re  i n  very gcod condition having ssstarned 

no ch-mge iesultfng fxcm the uni t  faflure. All except the tu~35ne  
i n l e t  hodsing have c - ~ r  nine months cf accumulated operating tme, 
Dimensional inspection disdosed no appreciable changes i n  diameters, 
paralielfsm, squareness, eoncentricities, e te ,  

TEST FiIG "IllfRBGALTEXNATOF. ELECTRICAL CO"E2ToEa POSY-TEST CONDITION 

Examination of the twboalternator un i t  a t  the time of f"aP1icr.e bmeua te ly  

disclosed the short f n  the tes t  r i g  e lec t r ica l  connector, 
rubber fnsulatcr fn  the connector w a s  cracked and c'r*arsed i n  appearan-e, 
Closer em.inat9on revealed the short bet.ween the pkiase one and neutral  

pfcs, The two sLorted pins were connected t o  one another by the f"ilsfon 
products of" the areing, Considerable force was required t o  remove them 

fYom the p%ns of' the maffng coAmectoro Hemes  32 and 33 are  ghctc- 
gPaphs of the fai led connectar, 

The sil icone 

The direct ,  short through the contacts resulted I n  high temperatures bezng 
generat.ed i n  the cormector wUch were evMeneed by the temperature hggea. 

t>mc:es which skiDwed. a r ~ s e  from 353'~ t o  5 3 0 ~ ~  i n  less than two min~t~es, 
TIif,a temperatwe was meaaxTed on the external bar re l  and is not a true 
measwe. of the temperature of the connector pins. In any event Chese 
%emperaturea a re  high enough t o  exceed. the 45O*F melting point of' tihe 
ac?Pder LIE&> t o  make the eler.Ar%caL e:om~eetfcri~s ., It i s  mcertaAx wbetke.;. 
the solder melted causing the short or wbe%her samething else came3 %he 
short a d  the resul t lag high temperatures melted the solder, 

Micros zoopic examhation of %he connector revealed the following: 
a. 
bo 

,The solder melted and partiaily ran out., 
"he connector pins and :op?er wire strands were oxfdized. 
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c.  Some plating remained on the pin surface, 

A check of contact resistance was made on one of the shorted p lm.  

2%e value obtained was not apprecialby afferent  f r o m  that of a brand new 
connector which was also checked. A series of tes ts  Were performed on tbis 
new connector as well as the old One in hopes of determining the cause of 
failure. 

t h i s  report. 
These tests and their results are discussed in section 5.0 of 



MAmIkT, &Jl&YsIS 

CSU tursodternator  CSU X - 3  mmponents were submitted for  microscopic 

scrutiny and analysis after exposure t o  operation of a mercury Rankine cycle systen 
for periods up t o  9 nonths i n  duration. 
i n  Reference 1. 
uat ions. 

9.1 Turbine Inlet  Housing Assembly 

-- 
L 

A detailed aualysis has been reported 
The following paragraphs summarize the results of these eval- 

A very small coating of corrosion p r d u c t  was noted on the PH 15-7 Mo 
vanes. 
reduction i n  the area of the throat suggesting an absence of deposit 
i n  the metering area. The results are quite significant i n  tha t  the 
unit operated twice the cperating time of the previous unit without show- 
ing aqy of the samc effects of nozzle blockage. 

Additional flow checks of the nozzle assembly fa i led  t o  show any 

9.2 Shaft AssemSly 

The tiwhine bearirg sleeve contained an extremely th in  black film which w a s  
easily removed by scraping. Tie ;;nal;rsis of the deposit was as follows: 

The t2ur5ine b l d c s  of ?he t%ird S t M r .  wheel had evidence of erosion on the 

convex side c ~ f  the :eadiEg edges with ii?;t,le or no e r o s i m  on the blade sur- 

face areas. E:-osim d q ? h  wis estimated t o  be 1.6 m i l s .  
Up t? .4 m i l s  vas nCJtE3 31x1 lr~::d,ized vmking surfaces of the blades. 
opxati.-Ly ternyratma of 7CriO"F was cmfimed from the hardness changes 
incm-red d m i q  <f>.c-atim. 

Figure 34 i l iu t ra tes  how terapera%ure predictions can be made. 

Some corrosion 
An 

%he LErson-Niiler master aging e-mve shown i n  

The alterna5c-r m % o r  can shr;wcd no defects other than several p i t s  and a 
gr&h change of .005 i n d x s  i.n the mi3dle of the caxl which was attributed 
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t o  both creep and overspeed. 

t o  be 890°F. 
creep during operation due t o  the martensite tempering and carbide pre- 
c ipi ta t ion noted dong the de l t a  f e r r i t e  stringers.  

The operating temperature was estimated 

Approximately8C$of the growth of the can is at t r ibuted t o  

6 

The Alnico V magnet contained there axid cracks approximately 90" 
apart. 

approximately one-third the length. 
resulted from excessive hoop stresses caused by rotat ion and relaxation 

of the protective r o t m  can. 

Two of three ran the ax ia l  length of the magnet and the third 

It i s  believed tha t  the cracks 

9.3 F i rs t  Stage Wheel 
The operating temperature of the wheel was estimated by the previously 
described method t o  be 870 and 890. 

The shroud ring experienced a growth of .004 inches which was induced 
by creep and emfirmed by the microstructure. 
3.3 m i l s  were located cfl the working surfaces and l e s s  than . 5  mils of 
erosion was experienced on the leading edges. 

In  addition deposits up t o  

9.4 Second Stage Wheel 
Two erosion grooves were present on the I .D.  surface. 
was 0.6 mils near the edge and 2.75 mils near the vaaes. 

also visible  on the I .D .  surface which had thicknesses of .85 m i l s .  
Deposits 03 the vanes were evident microscopically and visually. These 

deposits could account for the 4-5% reduction of throat area noted i n  
post t e s t  calibrations. 

Erosion depth 
Deposits were 

The erosion grooves an6 deposits are the result of mercury droplets being 

sprayed from the blading by centrifugal force. 
9.5 Second Stage Wheel 

Erosion of the blades occurred a t  the t r a i l i n g  edges on the concave sur- 

face and was estimated t o  be 2.6 mils i n  depth. Deposits up t o  0.8 mils 
were a lso  noted on the working surfaces but no evidence of corrosion was 

found. The estimated temperature of operation was 750°F. 
9.6 Third Stage Nozzle 

Simi la r  erosion grooves were observed on the I . D .  of the nozzle. 
grooves were 2.7 m i l s  i n  depth. 

Corrosion prsliucts in the vane region had the following spectrographic 
analysis : 

These 
Deposits 2.3 mils thick were also noted. 
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Major - co, cu 
1 Appreciable - Si  

Minor - C r 9  Fe, N i  

!&ace - Mo, Mn 
Total reduction of axca was 4-5$ as determined fpom post test nozzle 
calibration. 

9.7 Alternator Bearing Sleeve 

The bearing sleeve s h m d  scoriM, galling and seizure. 
also appment on the journslo running i n  an axial direction. 
scopic examination of the Journal revealed the following: 

A crack was 

Micro- 

a. 

b. 

Localized corrosion and surface damage up t o  '85 mils. 

A heat effected white layer approximately 1.6 mils thick 
with some radial surface cracking and an averall heat affected 
zone up t o  7 mils deep. This damage was apparently caused 
by the seizure and rubbing which occurred during shut darn. 
"he white layer suggests contact temperatures i n  excess of 
2000°F. 

9.8 Pump Impeller 

The pump impeller suffered cavitation erosion damsge on the  body and 
blades. 

testing. 
suggests that small particles were dislodged during operation. 
m a x i m  depth of the erosion was about 25 mils. 

The damage is  similar t o  that experienced i n  previous endurance 
Rem& of material fpom the inlet of the blades was ragged and 

The 

9.9 Electr ical  Connector - 
The e l ec t r i ca l  connector which shorted ( t e s t  r i g  component) was sectioned 
and microscopically examined. The following factors were noted: 

a. The solder appeared t o  have melted and partially run out. 
b. Oxidlation of the copper were strands occurred, 

c. Sam plating remained on the connector surface 
The solder used i n  the joint  was 955 Sn-s 5% with Q melting poilit 3f 

450°F'. 
fa i lure .  
abme 25O"F,mtual diffusion of the copper and solder resu l t s  i n  the 

formation of b r i t t l e  copper t i n  compounds. 
f a i l  rather eas i ly  if  movement is encountered. 

Actual operating temperature of the coMector was 350°F p r i m  t o  
However, metallurgical inspection indicates that  at temperatrlpes 

As a result the joint  could 
It is d i f f i cu l t  t o  pin- 
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point. the exact cause cf fa i lure  bwt it i s  believed tha t  mechanical 
failure occurred which resulted i n  e lec t r ica l  arcing which sub- i 

sequently caused the ovewheating, solder melting, shorting, and 
alternator rotor demagnetization. It i s  suggested tha t  higher operating 
temperaturc solders (svrzh as s i lver  solder) be employed i n  the  tes t  
r i g  co~qonect s o  

9.10 summary 

Based on the observations noted, the condition of the turboalternator 
was considered t o  be good after the 6 months of operation. 
w e l l  within the realm of reasonable speculation that  the uni t  could 
have operated the  en t i re  one year period particularly i n  l i gh t  of 
the fact  tha t  nc detericration i n  performance was experienced. 

It is  

However, the examinat.fons of the componezts as clcscribed i n  the 
previous text  indicates areas of improvement md some potential  problem 
areaz. These me : 

a. The pump impeller - I t  is  suggeszcd a harder material such as 
AISI T1 01" Vi4 too l  s teei  be "Lacmpmated plus m o r e  positive 
actiori t.zkea t? i c sc :  no air l?&age into the impeller from 
tnc t e s t  rig. 

First stage twf:i~ne wheel shraud 15% - t h i s  material should 
be chmgcd tc afford higher ~ e e p  s t r a w t h  properties than 
the T" 15-7 Mo. 
s tee l ,  
The r a w  a l t e m a t m  can - similmly t l i s  material may require 
higher creep strength i f  the rotor cxa not be maintained below 
approxLmtely 8 5 0 " ~ .  
greater thie'mess of the shr'irk can. 

b. 

h altzrnative s a g e s t i o n  is A I S I  H 11 alloy 

e. 

An alternative selution would be a s l igh t ly  
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10.0 cmms1ms 
, The results of CSU 1-9 turboalternator testing support the conclusions 

reached after previous Sunflower CSU t e s t s .  The only instance i n  which 
failure of the un i t  could be attributed t o  the u n i t  i t s e l f  was the very 
first test (CSU I - ~ 1 ) ~  

unit  and after modifications based on the resu l t s  of the CSU 1-1-1 test 

were incorporated in to  subsequent units, no test failure occurred as a 
direct  result of a turboalternator malfunction. This indicates that the 

basic design of the Sunflawer turboalternator i s  sound and with a f e w  
refinements the CSU can logically be expected t o  achieve the objective 
of one y e a ' s  continuous operation of f'ull power output. 

Certain design deficiencies were appment i n  that 

Performance anslysis of the units tested t o  date indicate that, with no 
manuf'acturing deviations, the present unit can supply the f u l l  useful 
power output of 3000 watts even with a lO$  degradations i n  performance. 
Metallurgical inspection and analysis of CSU 1-9 hardware has indicated 
that the unit  could reasonably have been expected t o  operate for the full 
year design objective. 
corporating certain design refinements which will be discussed in a later 
portion of th i s  section. 

This capability can be even more assured by in- 

Figure 35 is a summary of Sunflower CSU turboalternator tes t ing t o  date. 
The to ta l  operating time for the seven test runs is 6792 hams and, as 
previously mentioned, only the CSU 1-1 test was terminated because of 
turboalternator mslftlaction, 
various reasons as follows: 

The rest of the tests were shut down for  

a )  CSU 1-3-1 because of' corrosion products blocking the first 

stage nozzle. 
CSU I - l A - 1  was vo lub ta i ly  shut down after canpletion of test 
objectives . 

b) 
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c )  CSU I-IA ( in  FCS 1-1) because of a system malfunction. 
a) CSU 1-9-1 because of corrosion products from the r i g  

par t ia l ly  blocking the f i rs t  stage nozzle. 
CSU 1-9-2 because of a municipal power failure. 
CSU I-3A-3 because of a test  r i g  e l ec t r i ca l  connector short. 

e )  
f )  

The developmental history section described the design evolution from 
CSU 1-1 t o  CSU 1 - 3  and comparison of the t e s t  results for these two uni ts  

shows the improvement i n  performance tha t  has been achieved. There axe 
additional refinements i n  the design tha t  can be incorporated, however, 
t o  further improve performance and assure  the capability of one year's 
operation. These are  as follows: 

10.1 Turbine Nozzle Throat Areas 
I n  no case has a CSU been tes ted tha t  had all three turbine nozzle 
areas a t  the i r  design values. 
or second stages but the th i rd  stage area for all units assembled 
af ter  CSU I-IA has been corrected by blocking the appropriate number 
of passages. 
controlling the manufacture of the nozzles, design areas can be obtained. 
This w i l l  improve turbine efficiency and reduce erosion. 

No correction has been made on the first 

By resizing the blade height and by more accurately 

10 2 Turbine IrLLet Vapor Scroll  
The 360" turbine in le t  used on all units  except CSU 1-1 caused ex- 
cessive heat t o  be removed from the vapm stream before entering 
the first stage nDzzles. This heat removal created or contributed 

-- ---I__ 
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t o  the following problems: 

i 

a)  Metallic deposits within the turbine (during CSU 1 - 9 4 )  
which plugged nozzle throats causing reduced performance. 

b )  Condensation in  the scro l l ,  

c ) Reduced turbine inlet enthalpy cawing reduced perf ormaace 
from an ideal energy viewpoint. 
Reduced interstage quali ty which caused reduced per- 
formence (increased moisture drag)  and contributed t o  
blade erosion on the 2nd and 3rd stage wheelsu 

d )  

These problems can be eliminated by the return t o  the direct  entry 
(ductedj turbine inlet vapor scrolL., CSU I-2A incorporates t h i s  change. 

10.3 Turbine Erosion (General) - ------I_--- - 
Turbine erosion should be greatly r?duced, i f  not eliminated, by the  

changes cited i n  paragraphs 18.1 and 10.2. An additional occurence 
of erosion, however, are grooves i n  the I.D. of t"ne second and 
t h i r d  stage nozzles. 
turbine wheels 01: l iquid mercury trapped i n  the wheel races. 
w i l l  be par t ia l ly  ccrre2ted by redaction of the moistm-e contezt of 

the vapor as ci ted in paragraph 10.2 and can be eliminated by the  
addition of drain grooves referericed 30 turbine exhaust. 

i n  the th i rd  stage wheel race have been inmppor&ted i n  CSJ I-%. 

These w e  cawed by the  centrifugal action of the 

This 

Drain grooves 

10.4 Pump Performance 
Pump performance cas be improved and erosion decreased by redesigning 
the blade profile t o  a more optimum form and by increasing the number 
of back face vanes t o  reduce leakage. The i m p e l l e r  i n  CSU I-2A in- 
corporates both these modifications. In  addition, fu l ly  welded test  
r i g  pl'lrmbing at the pump inlet will reduce the possibi l i ty  of air 
leakage in to  the impeller. 

10.5 Screw Pump Seal ---- _- - 
The screw pump seal between the alternator bearing and alternator 
rotor  cavity was ineffective at normal bearing pressures and design 
speed. 
which caused drag and erosion on the rotor and may have been responsible 

This allowed l iquid Hg leakage in to  the &ternator rotor gap, 
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for a small crack in  the alternator stator bore seal. A k t h e r  

detriment of such leakage is the adverse effect  on prototype 
condenser operation. 
cavity eventually is routed the turbine exhaust as a l iquid snd could 

cause a liquid-vapor weight r a t i o  i n  excess of acceptd le  limits 
far t W  condenser. 

Screw seal  leakage in to  the alternator rotor 

A new screw pump seal  has been designed and tes ted and fouud 
t o  perform excellently for the requirements of Sunflower. 

new seal  occupies about the s a m  space as the old seal. 
design changes were placement of the threads in  the seal  I.D, (stationary 
member) instead of cm the shaft and increasing of the number of thread 
leads. 

The 

The major 

CSU 1-4 and CSU I-2A incorporate th i s  new seal. 

10.6 Whine Bearing Temperature - 
Temperature6 in the general vicinity of the turbine bearing were 
excessive throughout the test. While this condition did not hurt 
bearing perfaFmsnce, it created undesirable effects  such as very 
light corrosion of the journal sleeve and a saturated l iquid vapor 

bearing drain condition where temperatures were sensit ive t o  drain 

pressure. Heat i n  the bearing area c m s  primarily fran four sources: 

a)  Roan conduction along the b e l l  shaped housing i n to  
the bearing bushing support. 

b)  Through the shaft into the jaurnal sleeve. 

c)  Vapor leakage into the turbine be-% drain f r o m  the 
labyrinth seal  by-pass cavity. 
Contact of the inboard besring lube drain f lu id  with 
the separator or heat shield which is exposed t o  higb 

temperature labyrinth seal vapor leakage on the ather 

si&. 

d)  

Heat source i t e m  (c)  abave w i l l  be eliminated by application of a 
screw puup seal  t o  form a stable l iqu id  vapor interface and prevent 



10.7 

entry of vapor in to  the  bearing drain area. 
above W i l l  be minimized by a double walled heat shield w i t h  i t s  inner 

Heat source item (d) 

cavity referenced t o  the bearing drain environment. Both these 1 

changes have been incorporated i n  CSU 14%. 

Alternator Cooling Jacket 
The test resu l t s  demonstrated a significant gradient (over 100'F) 
across the alternator housing from one end of the alternator 
stator t o  the other. 

nator performance, but was undesirable in terms of internal  t e m -  
perature limits. 
gap are established by the alternator design. 
minimum surface temperatures must be high enough t o  prevent adverse 
effects from Hg condensation in  the gap. Therefore, an excess 
gradient along the  length of the gap could force internal  temperatures 
approaching both l i m i t s ,  demanding precise coolant temperatures. 
Flattening of the axial  temperature gradient w i l l  provide greater 
la t i tude fo r  control and optimization of gap temperatures with 

alternator coolant. 
source effect  from the turbine exhaust and the heat sink effect  of 
the fi ternator-thrust  support housing re la t ive  t o  the alternator s ta tor .  
The CSU 1 - 3  coolant jacket was incapable of counteracting th i s  heat 
source-sink effect  due t o  i ts  para l le l  flow path construction. 

- -- 

This gradient did not appear t o  affect  alter- 

Maximum surface temperatures i n  the rotor-stator 
On the other hand, 

The gradient i s  primasily forced by the heat 

The coolant jacket of CSU I-2A has therefore been replaced with a 
sp i ra l  wound c o i l  of tubing brazed t o  the a l t e r s t o r  housing. 

w i l l  enter the co i l  at the turbine end of the alternator s ta tor  
and leave at the opposite end, essent ia l ly  i n  counter flow with the 

imposed gradient. 
temperature gradient and therefore also the axial gradient existing 
along the rotor-stator gap. 

Coolant 

The net effect  w i l l  be t o  reduce the housing ax ia l  

As shown by the foregoing, a l l  of the above items have been incorporated 
i n  CSU I - 2 A w i t h  one exception. 
this  w i l l  result i n  a low power output. 
test  series this u n i t  should be capable of operating for  a full yew barring 
unforeseen occurrences such as power fa i lures  or rig malfunctions. 

The three turbine nozzles are undersize and 
Based on the results of the CSU 1-9 
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